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Abstract 
 
A novel method realizing a breakthrough of laser-induced breakdown 
spectroscopy (LIBS) has successfully been developed by utilizing a transversely 
excited atmospheric (TEA) CO2 laser. In this method, the TEA CO2 laser (10.64 
µm, 200 ns, 500-1500 mJ) was focused on a metal surface at 1 atmospheric 
pressure to induce a high-temperature “gas plasma”, leaving the metal 
undamaged; the metal works as the source of electrons, initiating the gas plasma. 
We called this method the “laser-induced gas plasma spectroscopy (LIGPS)”.  
It was found that the gas plasmas induced by using the TEA CO2 laser in 
various gases including He, N2, and CO2 gases have very unique characteristics, 
namely, the plasma size is very large (approximately 10-15 mm in diameter) and 
the plasma temperature can keep long lifetime (approximately 50 μs). All gas 
plasmas can be used for analytical application regardless of the surrounding gas 
because the reproducibility of the gas plasma can successfully be made and the 
gas plasma temperature is high enough (approximately 6000-8000 K) to excite the 
atoms. Based on our study, the excitation process of atoms takes place through 
thermal excitation in the cases of the N2 and CO2 gases. On the other hand, in the 
He gas case, the excitation process takes place through He metastable atoms.  
By devising many unique sampling techniques presented in this dissertation, 
it was proved that the LIGPS method can be applied for high-sensitivity and direct 
elemental analysis of various samples including organic solid material (soft 
material, such as wood), and powder materials. Also, for nuclear power station, 
this present method can be employed for high-precision and high-sensitivity 
sodium analysis in fast nuclear reactor, such as Monju Reactor. Furthermore, 
impurity analysis on material surface can readily be made, leaving the material 
undamaged.  
First, a sophisticated technique of LIGPS method was developed for the 
analysis of chromated copper arsenate (CCA) in wood sample. In this study, a 
CCA-treated wood was attached in contact to a nickel plate, which functions as a 
subtarget. When a TEA CO2 laser was successively irradiated onto the wood 
surface, a hole with a diameter of approximately 2.5 mm was produced and the 
laser beam was directly impinged onto the metal subtarget. A strong and stable gas 
plasma with a very large diameter was induced once the laser beam had directly 
struck the metal subtarget. This gas plasma then interacted with the fine particles 
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of the sample inside the hole and finally the particles were effectively dissociated 
and excited in the gas plasma region. A linear calibration curve of Cr was 
successfully made using the CCA-treated wood sample. The detection limits of Cr, 
Cu, and As were estimated to be approximately 1, 2 and 15 mg/kg, respectively. In 
the case of conventional LIBS using the Nd:YAG laser, the analytical intensities 
fluctuate and the detection limit was much lower at approximately one tenth that 
of TEA CO2 laser. 
The LIGPS method was further applied to the analysis of powder material 
available in a minute amount. In this study, a 4 mg of powder sample was 
homogeneously mixed with 4 mg of high-vacuum silicon grease and the silicon 
grease-mixed powder sample (SMP) was painted on a metal surface, which serves 
as a subtarget. The result revealed that this technique can be widely employed to 
the rapid semi-quantitative analyses of powder samples present in a minute 
amount. It was confirmed that this technique can be applied to check the quality 
of the commercial prestigious products such as gold film (Au foil), mineral 
supplement tablet, and prestigious cosmetic powder.  
Following the successful applications above, the LIGPS method was then 
applied to the direct elemental analysis of powder material. In this study, a powder 
was placed in a container and covered by a metal mesh. The container was then 
perpendicularly attached on a metal surface. When a TEA CO2 laser was focused 
on the metal surface, a strong initial gas plasma was produced without ablating the 
metal surface. The gas plasma then expands with time with very high speed. It is 
assumed that the high-speed expansion force of the gas plasma plays an important 
role to sample the fine powder particles and bring them into the gas plasma region 
to be dissociated and excited. By using this present technique, a semi-quantitative 
analysis of pharmaceutical powder can successfully be conducted. Linear 
calibration curve of supplement was made using powdered zinc supplement. The 
detection limit of Cr in the powdered supplement was approximately 0.55 mg/kg.  
The analysis of sodium aerosol was further made using LIGPS method. In 
this study, the sodium aerosol was deposited on a metal nickel plate. When a TEA 
CO2 laser was focused on the metal surface, a strong gas plasma was induced. The 
fine particles of sodium then entered into the gas plasma region to be dissociated 
and excited. By using this technique, a semi quantitative analysis of sodium 
aerosol was made. The present technique has high potential to be employed for 
sodium analysis in fast nuclear reactor, such as Monju Reactor. 
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Finally, the analysis of trace metal elements on material surface was 
successfully demonstrated using sophisticated method of double beams of TEA 
CO2 laser. The result certified that highly sensitive analysis of trace metal 
elements on silicon wafer surface sample can be made leaving sample undamaged. 
The detection limit of Cr on the silicon surface was around 7.5 x 10
12 
atom/cm
2
. 
This method can potentially be used for checking the trace metal impurity at low 
concentration deposited on material surface in production factories such as 
semiconductor industry because the analysis can be conducted automatically 
using the machine.     
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Chapter Nine 
Impurity Analysis on Material Surface Using 
Laser-Induced Gas Plasma Spectroscopy 
 
9.1 Introduction 
High-precision and high-sensitivity analysis of trace metal elements is urgently 
needed in many fields of investigations covering the field of material sciences and 
in industries as well as in social infrastructure. For instance, in semiconductor 
industry, very low concentration trace metal impurity deposits on silicon wafer 
surface during manufacturing process. Uncontrolled contamination of trace metal 
impurity can change the electrical characteristics [198]. Therefore, highly 
sensitive technology is really necessary to detect the trace metal elements.  
Several method such as inductively coupled plasma mass spectrometry 
(ICP-MS) and X-ray fluorescence spectrometry (XRF) have been applied to 
investigate the trace metal contamination [198]. However, those techniques cannot 
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be applied to perform high-sensitivity analysis in short time because the 
techniques requires delicate sample pretreatment and are labor intensive. 
Laser-induced plasma spectroscopy (LIPS) has become a well-known 
technique for the trace metal elemental analysis in many samples including liquids 
and soils [135]. In this technique, a neodymium yttrium aluminum garnet laser 
(Nd:YAG) laser is used to induce a target plasma on a material surface. However, 
this technique cannot be employed to perform analysis of trace metal elements 
with high sensitivity on metal and solid material surface because the material 
itself is ablated when a pulsed Nd:YAG laser is focused on the material surface. 
On the other hand, we found a very fascinating phenomenon when we 
employed a transversely-excited atmospheric pressure (TEA) CO2 laser for 
plasma generation, namely only a high-temperature and large-volume gas plasma 
was induced and no damage was found on a metal sample surface when the TEA 
CO2 laser was focused on the sample surface. This is because the laser has long 
wavelength of 10.64 μm and long pulse duration of 200 ns. The gas plasma 
induced by the TEA CO2 laser is very favorable for an excitation source of the 
trace metal elements. We called this method the “TEA CO2 laser-induced gas 
plasma spectroscopy (LIGPS)”. By devising many sampling techniques, we have 
successfully applied LIGPS for qualitative and quantitative elemental analysis of 
trace metal elements on soil and powder samples as shown in our previous papers 
[146, 166].
 
However, based on our experiment, when we used this method for trace metal 
elemental analysis deposited in solid material surface such as silicon, glass, quartz, 
and stone, the ablation of the material itself also occurs. Thus, a sensitive analysis 
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of trace elements in solid sample cannot be realized. In order to solve this problem, 
in this study, a novel technique for trace metal elements deposited on the sample 
surface has been developed by using two splitted beams of TEA CO2 laser. To the 
best our knowledge, our present method is the first time to be developed in LIBS 
field for application to surface analysis without material damage. 
 
9.2 Experimental Procedure 
Figure 9.1(a) shows the experimental setup used in this work. The TEA CO2 laser 
employed in this work is a Shibuya SQ-4000 laser, which was commercially 
developed and constructed by Shibuya Company for laser marking. The TEA CO2 
laser (3 J, 10.64 μm, 200 ns) was operated at a repetition rate of 5 Hz. The laser 
energy used in the study was 3 J. The laser beam was splitted into two beams with 
a percentage of laser energy of approximately 70% and 30%. 70% of laser beam 
(laser beam A) was focused on a material surface with inclining degree of 10
0
 by a 
ZnSe lens (f = 200 mm) through a ZnSe window onto the target sample to induce 
a high-temperature and large-volume gas plasma. The other laser beam (30% of 
laser energy/laser beam B) was used to ablate the film containing trace metal 
elements by defocusing the laser beam at -3 cm using ZnSe lens (f = 250 mm). In 
this study, a platinum mesh was placed in tight contact on the sample surface. The 
mesh functions to initiate a gas plasma induced by laser beam A. Figure 9.1(b) 
shows a plasma photograph taken from the metal mesh surface by using double 
beams technique.  
The samples used in this study were three silicon wafer samples, which a 
diameter and a thickness of each of them are 51 mm and 0.5 mm, respectively. 
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Two silicon wafer samples were supplied by Shimadzu Corporation, Japan; one is 
a sample containing trace metal impurity film of Cr with a density of 7.5 x 10
13
 
atom/cm
2
 deposited on the sample surface and the other is a sample with a clean 
surface (completely no impurity). In this study, we used a Cr element for the 
impurity analysis because Cr is one of the trace metal elements and has three 
typical atomic lines at 425.4 nm, 427.4 nm, and 428.9 nm. These lines can be 
detected in one display by using our OMA system. Thus, we can easily identify 
the impurity. 
 
 
 
 
 
  
 
 
 
Fig. 9.1 (a) Experimental setup used in this study, (b) plasma photograph taken from quartz sample 
by using double beams of TEA CO2 laser technique. 
 
The other silicon wafer sample was a sample containing film of trace metal 
impurity of Cr with a concentration of 1.25 mg/kg. In order to make the sample 
containing Cr film of 1.25 mg/kg, 3.53 mg K2Cr2O7 was homogeneously diluted 
into 1000 ml tap water; it should be mentioned that tap water was used in this 
study because when we used a pure water, Cr particles cannot easily deposit on 
(a) 
(b) 
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the sample surface. A liquid containing 0.01 % sugar was also poured into a water 
containing Cr. The sugar solution functions to strongly attach the trace metal 
impurity on the sample surface. 1 mL water containing Cr was then 
homogeneously spread into silicon wafer surface. After that, the silicon sample 
was placed into an electric heater (temperature of approximately 180
0
 C) for 
around 5 minute so that the sugar film was dried and only impurity particles 
remained on the sample surface. During the experiment, a platinum metal mesh 
with a lattice constant of 0.50 mm and a thickness of 0.12 mm was placed in tight 
contact to the sample surface to induce a high-temperature and large-volume gas 
plasma.  
For all experiments, the samples were placed in a circular metal chamber, 
which has a diameter of 12 cm and was equipped with several windows, which 
could be filled with different kinds of surrounding gases. During an experiment, 
helium gas was introduced with a flowing rate of 5 L/min and the pressure was 
kept at around 1 atmospheric pressure.  
The plasma emission spectrum was obtained by detecting laser plasma 
radiation using optical multi channel analyzer (OMA) system (ATAGO Macs-320) 
consisting of a 0.32 m focal-length spectrograph with a grating of 1200 
groves/mm, a 1024-channel photodiode detector array, and a micro-channel plate 
image intensifier. The spectral resolution of the OMA system is 0.2 nm. The light 
emitted from the laser plasma was collected by an optical fiber (θ= 270 in solid 
angle) and fed into the OMA system. One end of the fiber was placed at 4 cm 
distance from the focusing point of the laser light and set at 45
0
 to the path of laser 
beam A.  
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9.3 Results and discussion 
In this study, a novel technique of TEA CO2 laser-induced gas plasma 
spectroscopy (LIGPS) by utilizing double beams of a TEA CO2 laser has been 
developed for the analysis of trace metal impurity on the silicon wafer surface. As 
mentioned in the experimental procedure, two laser beams have different 
functions, namely, laser beam A (70% of laser energy) was used to induce a 
high-temperature and large-volume gas plasma and laser beam B (30% of laser 
energy) was to ablate the trace metal impurity from the material surface to be sent 
into the gas plasma region to be excited.  
First, we examine how the effect of laser beam to the gas plasma generation is. 
Figure 9.2 shows the emission spectra taken from aluminum sample by using (a) 
only laser beam A (70% of laser energy), (b) only laser beam B (30% of laser 
energy), and (c) combination of laser beam A and B. Each spectrum was taken by 
using 10 shots of laser irradiation and the sample was rotated with speed of 
rotation of 10 rotation per minute. The gate delay time and gate width of OMA 
system were 10 and 200 μs, respectively. It is seen in Fig. 9.2(a) that the emission 
line of He I 388.8 nm strongly appears and no emission lines of Al at 394.1 nm 
and 396.1 nm are detected. Some other lines, including the broadened emission 
lines, are unidentified. This result indicated that no ablation of material surface 
(Al sample) occurs. We assume that the shadow effect of the metal mesh plays 
important role in this result. When laser beam A was focused with inclining angle 
of 10
0
 from the surface of the aluminum sample target through a platinum metal 
mesh, an initial gas plasma was induced on the mesh surface and no laser beam 
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impinges on the aluminum surface due to shadow effect of the mesh. The laser 
beam was totally absorbed by the initial gas plasma to induce a large-volume and 
high-temperature gas plasma. Thus, no ablation of the material surface appears.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.2 Emission spectra taken from aluminum material target by using (a) only laser beam A 
(70% of laser energy), (b) only laser beam B (30% of laser energy), and (c) combination of laser 
beam A and B 
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Different phenomenon happens when the inclining angle was increased. Namely, 
the material target itself was ablated because the laser beam impinged on the 
material target through the metal mesh. 
When only laser beam B was employed, almost no emission line occurs as 
shown in Fig 9.2(b). This is because the laser beam only functions to ablate the 
film on the material surface and almost no plasma was induced during laser 
irradiation. The laser beam B was defocused at -3 cm on the material surface. 
Figure 9.2(c) shows the emission spectrum when two laser beams (laser beam A 
and B) were combined. It is seen that total emission intensity is increased. Some 
atomic lines occur, which might come from impurity on the material surface. We 
assumed that the impurity is ablated from the material surface by using laser beam 
B. The ablated impurity then moves and enters into the gas plasma induced by 
using laser beam A to be dissociated and excited. This result certified that the 
novel technique utilizing double beams of TEA CO2 laser can effectively be used 
to perform the trace metal impurity analysis on the material surface without 
ablating the material itself (sample damage). 
 
 
 
 
 
 
Fig. 9.3 Emission spectrum of Cr taken from the film sample containing 1.25 μg/kg of Cr 
deposited on the silicon wafer surface 
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In order to examine the ability of our developed technique for sensitive 
analysis of impurity in material surface, an impurity analysis of Cr on silicon 
wafer surface was conducted. Figure 9.3 shows emission spectrum taken from the 
film sample containing 1.25 mg/kg of Cr deposited on the silicon wafer surface. 
Three emission lines of Cr I 425.4 nm, Cr I 427.4 nm, and Cr I 428.9 nm can 
clearly be detected with high emission intensity. Also, emission line of Ca I 422.6 
nm strongly appears. Many emission lines, which might come from the impurity 
deposited in the tap water, also occurs strongly. Considering signal to noise ratio 
(S/N) of Cr I 425.4 nm line, the detection limit of Cr was estimated to be around 
10 mg/kg.  
In order to perform highly sensitive analysis of trace metal impurity on the 
material surface by using our developed method, we should make sure that the 
platinum metal mesh used to initiate a gas plasma should be clean from the 
impurity. To this end, we wiped the metal mesh by using alcohol 99.5% and 
washed the mesh into the alcohol liquid using ultrasonic cleaner machine. In order 
to make sure that the mesh is really clean from the impurity, we repeated the same 
procedure three times. Figure 9.4(a) shows emission spectrum taken from the 
clean silicon wafer sample (completely no impurity) supplied by Shimazu 
company. During the data acquisition, the sample was rotated 10 rotation per 
minute (rpm). It can clearly be seen that even though the sample surface is very 
clean and the metal mesh was washed to remove the impurity for three times by 
using alcohol in ultrasonic cleaner machine, we still can detect the impurity of Ca 
II at 393.3 nm and 396.8 nm. This result indicated that our method is very 
sensitive to be applied for impurity analysis in material surface. However after 
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second laser bombardment, the emission intensity of ionic Ca disappears as 
displayed in Fig. 9.4(b). From this result, we can conclude that the laser 
bombardment can effectively be used to clean the impurity attached on the metal 
mesh and also material surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.4 Emission spectra taken from the pure silicon wafer sample using double beams of TEA 
CO2 laser (a) first sample rotation, and (b) second sample rotation.   
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Figure 9.5 shows emission spectrum of Cr taken from the clean silicon wafer 
sample (completely no impurity) supplied by Shimadzu Corporation. It is seen 
that completely no emission lines of Cr was observed. This result clarified that the 
surface of silicon wafer sample is really clean.  
 
 
 
 
 
 
 
 
Fig. 9.5 Emission spectrum of Cr taken from the pure silicon wafer sample using double beams of 
TEA CO2 laser.  
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speed of rotation of 10 rotation per minute. However, when we made a second 
data acquisition on a new position in the sample surface, Cr emission lines cannot 
be detected. This might be because the impurity fell down due to the shock 
induced by the laser beam when being focused on the material surface. 
Considering signal to noise ratio (S/N ratio), the detection limit of Cr was 
estimated to be approximately 7.5 x 10
12 
atoms/cm
2
. This result certified that our 
developed method of double beam of TEA CO2 laser can successfully be 
employed to impurity analysis on material surface without sample damage and 
delicate sample pretreatment. Therefore, this method has high potential to be 
applied to the practical quantitative analysis of trace metal elements in material 
surface in the production factory such as semiconductor factory. 
 
 
 
 
 
 
 
 
Fig. 9.6 Emission spectrum of Cr taken from the silicon sample supplied by Shimadzu Corporation, 
Japan using double beam of TEA CO2 laser beams. The sample surface contains impurity film of 
Cr of around 7.5 x 10
13
 atoms/cm
2
.  
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9.4 Conclusions 
We have successfully demonstrated highly sensitive analysis of trace metal 
elements on silicon wafer sample by using double beams of TEA CO2 laser. In this 
study, a laser beam A (70% of laser energy) was focused on the sample surface 
with inclining angle of 10
0
 to induce a strong gas plasma. The other laser beam 
(30% of laser energy) was perpendicularly defocused at -3 cm on the material 
surface to ablate the impurity film deposited on the material. The ablated impurity 
film was then sent into the gas plasma region to be dissociated and excited. By 
using this method, highly sensitive analysis of Cr impurity deposited on the 
material surface has been made without ablating the material target. The detection 
limit of Cr was estimated to be around 7.5 x 10
12 
atoms/cm
2
. This method can 
potentially be used for checking the trace metal impurity at low concentration 
deposited on material surface in production factories such as semiconductor 
industry because the analysis can be conducted automatically using the machine 
without material surface damaged.     
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Chapter Ten 
General Conclusions 
 
In order to perform high-precision and high-sensitivity elemental analysis, a 
novel development of analytical method of laser-induced plasma spectroscopy (LIPS) 
has been carried out by utilizing the specific characteristics of a transversely excited 
atmospheric (TEA) CO2 laser. In this method, a high-temperature and large-volume 
“gas plasma” was induced when a TEA CO2 laser (10.64 µm, 200 ns, 500-1500 mJ) 
was focused on a metal surface at 1 atmospheric pressure, without ablating the metal; 
the metal only works as the source of electrons, initiating the gas plasma. We called 
this method the “laser-induced gas plasma spectroscopy (LIGPS)”. Compared to the 
conventional laser-induced breakdown spectroscopy (LIBS) method, the LIGPS 
method is much superior for elemental analysis due to some reasons. First, the plasma 
is larger in diameter (approximately 10-15 mm) and the plasma emission is much 
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more stable with longer lifetime (several tens of μs). Second, by using the present 
method of LIGPS, the analysis of soft organic material and powder material can be 
made directly without delicate sample pretreatment; in the case of conventional LIBS, 
the sample must be pressed into a pellet. Finally, in LIGPS method, a lot of He 
metastable atoms are produced in the gas plasma region when a TEA CO2 laser was 
focused on a metal surface in He surrounding gas because the plasma diameter is 
large enough and the plasma temperature is rather high.  
At initial, the characteristics of gas plasma induced in LIGPS method in various 
gases including He, N2, and CO2 gases have been studied. It was concluded that the 
gas plasma can be used for analytical application regardless of the surrounding gas 
because its reproducibility can successfully be achieved and the gas plasma 
temperature is sufficiently high to excite atoms. It has proved by using Ca and Mg 
atoms that in the He gas plasma case, strong Ca ionic emissions (Ca II 393.3 nm and 
Ca II 373.7 nm) with a very long lifetime are observed regardless of the excitation 
energy. On the other hand, in the N2 and CO2 gas plasma cases, the Ca ionic emissions 
are very weak with a short lifetime. It was concluded that thermal excitation is 
predominant in the cases of the N2 and CO2 gases, while in the He gas case, the He 
metastable atom plays an important role in excitation process. By studying the 
emission characteristics of the Ca and Mg atoms in the singlet and triplet states in He 
gas plasma, It was found that the triplet state is mainly produced and that the singlet 
state is a minor product.  
By devising many unique sampling techniques presented in this dissertation, it 
was proved that the LIGPS method can be applied for high-sensitivity and direct 
elemental analysis of various samples including organic solid material (soft material 
such as wood), powder and so on. Furthermore, for nuclear power station, this present 
210 
 
method can also be employed for high-precision and high sensitivity sodium analysis, 
which is urgently required in fast nuclear reactor. 
First, a comparative study on chromate copper arsenate (CCA) 
preservative-treated wood was made by using conventional LIBS and LIGPS methods. 
In the case of conventional LIBS, in which the Nd:YAG laser was employed, the 
results showed that serious emission fluctuation occurs mainly due to the fringe 
structure of the wood sample. Thus the precision is quite poor. Furthermore, because 
the wood includes soft samples, highly sensitive analysis is difficult to realize because 
high plasma temperature cannot be produced due to the lack of repulsion force on the 
sample surface. On the other hand, In the LIGPS case, in which the TEA CO2 laser 
was employed, high-precision and high-sensitivity analysis can be carried out because 
of the stability of the plasma emission. In this study, calibration curves have 
successfully been obtained from CCA-treated wood samples containing different 
concentrations of Cr using the conventional LIBS and the metal-assisted gas plasma 
techniques. The standard deviation was found to be approximately 20-36% for the 
Nd:YAG laser and 2-5 % in case of the TEA CO2 laser. The detection limits of Cr, Cu, 
and As in the wood sample using the conventional LIBS technique are approximately 
11, 8, and 130 mg/kg, respectively; and for the case of TEA CO2 laser, namely the 
metal-assisted gas plasma technique, the detection limits are approximately 1, 2, and 
15 mg/kg for Cr, Cu, and As, respectively. The results indicate that in the case of TEA 
CO2 laser, improved quantitative analysis can be realized. The precision and 
sensitivity of the results using the metal-assisted gas plasma technique are much 
higher than with the conventional LIBS technique.  
Second, the LIGPS method can successfully be employed to direct analysis of 
tiny amount of powder material. The novel method of LIGPS offers several strong 
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points. Namely, one is that the blowing-off of powder sample commonly taking place 
on direct analysis of powder sample can be solved by employing the silicon grease 
homogeneously mixed with the powder sample. Second, it should be stressed that the 
analysis of powder available in a tiny amount can readily be carried out without 
tedious simple pretreatment. Also, any kind of elements in material powder can easily 
be checked by using this present technique because only a minute amount of sample is 
employed. Third, the metal subtarget placed in tight contact on the backside of the 
sample is strongly induced high temperature and large He gas plasma, producing a lot 
of metastable He atoms, which functions as an excitation source. This phenomenon 
never happens for the case of Nd:YAG laser where the metal sample itself is ablated. 
Fourth, the dissociation of fine powder particles and the excitation of atoms can 
optimally be realized in the gas plasma region through metastable He atoms. Using 
this technique, a good linear calibration curve was obtained from the Kanto loam soil 
sample containing different concentrations of Cu. The detection limits of Cr and Pb 
are approximately 4 and 13 mg/kg, respectively. Also, we confirmed that this 
technique can be easily applied to check the quality of commercial products such as 
gold foil, precious cosmetics powder, and mineral supplement medicine.  
Third, the LIGPS method developed in this study was then applied to the direct 
elemental analysis of powder material. By devising many unique and sophisticated 
technique, a direct elemental analysis with high precision and sensitivity can 
successfully be realized by using the LIGPS method. In this study, a powder was 
placed in a container and covered by a metal mesh. The container was then 
perpendicularly attached on a metal surface. When a TEA CO2 laser was focused on 
the metal surface, a strong initial gas plasma was produced without ablating the metal 
surface; this phenomenon never happens for the case of Nd:YAG laser. The gas 
212 
 
plasma then expands with time with very high speed. Based on our experimental 
results, we assumed that the high-speed expansion force of the gas plasma plays 
important role to sample the fine powder particles and bring them into the gas plasma 
region to be dissociated and excited. The technique developed in this study offers 
several strong points. First, direct analysis of powder can be made without pressing 
the sample into a pellet, which is commonly prepared in conventional LIBS technique. 
Second, the use of a TEA CO2 laser as an irradiation source can effectively induce a 
gas plasma with high heat capacity, which enable a lot of powder particles to be 
dissociated and excited. Thus, the emission intensity becomes high with low 
background. This phenomenon never happens for the case of Nd:YAG laser due to 
short wavelength and short pulse duration. By using this present technique, a 
semi-quantitative analysis of pharmaceutical powder can successfully be conducted. 
Linear calibration curve of supplement was made using powdered zinc supplement. 
The detection limit of Cr in the powdered supplement was approximately 0.55 mg/kg.  
The direct analysis of sodium aerosol was demonstrated using LIGPS method. In 
this study, sodium aerosol was deposited on a nickel metal plate. When a TEA CO2 
laser was focused on the metal plate, a high-temperature and large-volume gas plasma 
was induced. It is assumed that the sodium aerosol was evaporated and entered into 
the gas plasma region to be effectively dissociated and excited in the gas plasma 
region. A semi quantitative analysis has been successfully demonstrated by using 
sodium aerosol taken from the Echizen seashore with different time, namely, the 
emission intensity of sodium increases with increasing a time, meaning that the 
amount of sodium deposited on the metal surface increases with increasing time. 
Finally, highly sensitive analysis of trace metal elements on silicon wafer sample 
has been made by using double beams of TEA CO2 laser. In this study, a laser beam A 
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(70% of laser energy) was focused on the sample surface with inclining angle of 10
0
 
to induce a strong gas plasma. The other laser beam (30% of laser energy) was 
perpendicularly defocused at +3 cm on the material surface to ablate the impurity film 
deposited on the material. The ablated impurity film was then sent into the gas plasma 
region to be dissociated and excited. By using this method, highly sensitive analysis 
of Cr impurity deposited on the material surface has been made without ablating the 
material target. The detection limit of Cr was approximately 7.5 x 10
12 
atoms/cm
2
.  
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Appendix  
Diagram of Energy Level of Helium Atom 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A.1 Diagram of energy level for helium 
 
Figure A.1 Shows the diagram of energy level for helium. Helium includes one of 
noble gases in the periodic table. Helium has metastable energy levels (2
3
S1
 
and 
2
1
S0 states) and they have long lifetime because the transition to lower transition 
level is forbidden by dipole selection rules. The lifetime of metastable 2
3
S1
 
state in 
helium is 8000 seconds, while the metastable at 2
1
S0 state has much shorter 
lifetime.  
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Chapter One 
Introduction 
 
In May 1960, Theodore Maiman discovered the laser by using a synthetic 
ruby crystal at the Hughes Research Laboratories in Malibu, California. The 
invention of this laser has significantly changed the direction of the development 
of science and technology [1-2]. The lasers have created the ripples in the world 
of technology. The lasers have been applied in various field areas covering the 
field of material sciences, militaries, medics, industries and commercials [3-7]. 
There are many characteristics of the laser and one of them is its ability to 
create a luminous spark when the high-power pulsed laser is focused on various 
materials including solids, solutions, and gases. This luminous spark is referred to 
as laser-induced plasma (LIP). The LIP has been active to be applied to 
laser-induced film deposition [8], laser-induced chemical reaction [9], 
laser-induced plasma assisted ablation [10-12], laser processing [13-15], ion 
2 
 
source [16], and laser-induced plasma spectrochemical analysis [17-25].   
One of the interesting advantages of laser-induced plasma is the feasibility to 
perform elemental analyses in various kinds of materials. This method is well 
known as laser-induced plasma spectroscopy (LIPS). LIPS, which is commonly 
called as laser-induced breakdown spectroscopy (LIBS),
1
 has recently become an 
increasingly popular technique for qualitative and quantitative elemental analysis 
of various samples in different forms such as solids, liquids, and gases [26-35]; 
the popularity of this method is indicated by a large number of published papers in 
many journals (over 1500 papers in the past 5 years). This is because the 
technique enables one to carry out rapid and direct in-situ elemental analysis 
without time consuming.  
In conventional LIPS method, a pulsed neodymium-doped yttrium aluminium 
garnet (Nd:YAG) laser is commonly focused onto a sample surface at atmospheric 
pressure to induce a plasma, which contains neutral atoms, ions, electrons and 
molecules ablated from the sample. Compared with other techniques of elemental 
analysis such as spark discharge spectroscopy, arc discharge spectroscopy, 
inductively coupled plasma-atomic emission spectroscopy (ICP-AES), and X-ray 
fluorescence spectroscopy (XRF), LIPS is much superior because setting up an 
apparatus to perform a LIPS measurement is very simple and also micro-area 
analysis and in-situ analysis can be realized. The LIPS method has been an active 
research topic since the 1960’s, and is being moved to a variety of field 
applications since the introduction of dependable compact pulsed lasers, sensitive 
high speed detector arrays, and low loss optical fiber cables.   
                                                   
1
 The term LIBS was firstly introduced by Radziemski in 1980. 
3 
 
Although the conventional LIPS technique has been studied intensively and 
has been applied to various types of samples in many fields covering the field of 
material sciences as well as industries, however, to the best of our knowledge, the 
study on the fundamentals and physical process of laser-induced plasma is rather 
less roused as compared to the study on the practical applications. The generation 
of laser-induced plasma involves very complex phenomena including laser 
characteristics, such as wavelength, pulse duration, and power density, and sample 
properties as well as ambient gas parameters [36-38]. The understanding on the 
generation of the laser-induced plasma becomes very crucial issue in order to 
advance and expand the applications to interested fields. 
Furthermore, despite many advantage of LIPS as analytical method, there are 
still several problems to be solved for practical application. First, in the case of the 
conventional LIPS method, the background emission spectrum is rather high, 
which means the minimum determinable concentration of the element is still high. 
Second, the plasma emission highly fluctuates under the successive irradiation of 
the laser beam, which causes low precisions in quantitative analysis; during the 
laser irradiation, the crater shape on the sample surface always changes with each 
laser shot, resulting in the plasma emission fluctuation due to the change in the 
situation of gashing atoms. Also, based on our experiments, the conventional LIPS 
technique still has many limitations when being applied to soft organic materials, 
soils, and powder materials. Namely, the technique cannot be applied to carry out 
rapid and direct in-situ elemental analysis, and the analysis with high precision 
and high sensitivity cannot be achieved. This is because based on our group 
research, a strong shock wave, which is necessary to induce a high temperature 
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plasma, cannot be produced due to the lack of repulsion force on the surface when 
the pulsed laser is directly focused on the surface of the soft sample. As a result, 
the atomic emission intensity of the plasma is rather weak for the case of 
conventional LIPS using Nd:YAG laser. The other reason is probably that the 
atomization cannot proceed well because in conventional LIPS, the sample is 
most often ablated in the form of fine particles, and those particles have a little 
chance to be atomized in the plasma region due to the fact that the laser plasma is 
small in size (diameter of approximately 1-3 mm) and short in lifetime 
(approximately 10 μs) when a Nd:YAG laser is used as the energy source of 
plasma generation. 
One of the solutions to suppress the strong background emission in 
conventional LIPS is by using low pressure method. In this method, the plasma is 
produced under low pressure of the surrounding gas. The low-pressure plasma 
shows characteristics favorable to spectrochemical analysis; in particular, the low 
background emission intensity and a good linear relationship between the 
analytical emission line intensity and the content. Optical Multichannel Analyzer 
(OMA) without a gating function can be employed to obtain analytical emission. 
However, the weak point of this low-pressure gas plasma method is the inability 
to perform in-situ analysis because the sample must be placed in a chamber under 
a vacuum condition. 
In this dissertation, a novel method realizing a breakthrough of conventional 
LIPS method has been developed by utilizing a pulsed transversely excited 
atmospheric (TEA) CO2 laser-induced gas plasma. In this method, a TEA CO2 
laser (10.64 µm, 200 ns, 500-1500 mJ) was focused on a metal surface at 1 
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atmospheric pressure to induce a high temperature “gas plasma”, without ablating 
the metal surface; the metal works as the source of electrons initiating the gas 
plasma. We called this method the “laser-induced gas plasma spectroscopy 
(LIGPS)”. This phenomenon never occurs in the case of conventional LIPS 
method, in which a pulsed Nd:YAG laser is generally employed to produce a 
plasma. We called this plasma the “target plasma” in order to distinguish it from 
the gas plasma induced by the TEA CO2 laser. The characteristics of the 
laser-induced gas plasma are quiet different from the target plasma in 
conventional LIPS. Namely, the plasma is much bigger in size (high heat 
capacity) and is much more stable; the emission lifetime is much longer (several 
tens of µs) due to high heat capacity; and the background emission is much lower. 
These characteristics are very favorable as an excitation source for 
spectrochemical analysis. By devising many unique sampling techniques 
presented in this dissertation, we have proved that the LIGPS method can be 
applied for highly sensitive and direct elemental analysis on various samples such 
as powder, organic solid (soft material), sodium aerosol and so on. By using the 
LIGPS method, the weak points of the conventional LIBS method can almost be 
solved. Thus, we called this LIGPS method is breakthrough of conventional LIPS. 
The experiments performed in this study are aimed to understand the 
mechanism of laser-induced gas plasma generation, to know the dissociation and 
excitation processes of elements in the laser-induced gas plasma, to know the 
characteristics of the laser-induced gas plasma, and to search the best condition of 
the laser-induced gas plasma for analytical applications. By devising several novel 
and sophisticated techniques in LIGPS method, a direct elemental analysis with 
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high precision and high sensitivity can be carried out on many kinds of samples 
including organic soft material, and powders. Furthermore, sodium analysis on 
material surface, which is very important in fast nuclear power station such as 
Monju Reactor, can also be made with very high precision and high sensitivity. 
Also, impurity analysis on material surface can readily be made leaving the 
material undamaged.  
This dissertation consists of 10 chapters. Chapter 1 contains the general 
introduction of this work. Chapter 2 highlights the review on various common 
techniques of atomic emission spectrometry (AES).  
In chapter 2, the basic concepts of popular AES techniques are briefly 
explained. The techniques include flame atomic emission spectroscopy, arc and 
spark atomic emission spectroscopy, inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES), and X-ray fluorescence spectroscopy (XRF).   
In chapter 3, we review in general on laser-induced plasma spectroscopy 
(LIPS). The review consists of history of LIPS, basic principles of LIPS, 
laser-induced shock wave plasma spectroscopy (LISPS), and applications of LIPS. 
Chapter 4 discusses the emission characteristics of laser induced gas plasma. 
In the study, a slide glass attached on a metal subtarget was used as the sample. 
The gas plasma was induced on the metal subtarget through a hole created inside 
the glass sample under various surrounding gases including He, N2, and CO2. By 
using emission characteristics of Ca and Mg atoms, we discusses the mechanism 
of atomic excitation process in the gas plasma region. We assumed that in the He 
gas plasma, He metastable atoms play a significant role in the excitation process, 
while in the case of N2 and CO2 gases, thermal excitation process is predominant.  
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The application of laser-induced gas plasma spectroscopy (LIGPS) method 
for the analysis of soft organic material will be described in chapter 5. As a 
representative of the soft organic material, we used a softwood as the sample 
target. By comparative study of conventional LIPS and LIGPS methods on 
chromated copper arsenate (CCA) preservative-treated wood, it was found that the 
conventional LIPS method using Nd:YAG laser cannot perform high-precision 
and high-sensitivity analysis of wood. This is because the wood sample are soft 
and non-homogeneous due to fringe structure in wood, thus, high-temperature 
target plasma cannot be induced and the plasma emission fluctuates due to the 
fringe structure. On the other hand, in the case of LIGPS method, high-precision 
and high-sensitivity elemental analysis of the softwood sample can be made 
because of the stability of the plasma emission.  
Chapter 6 describes the elemental analysis of tiny amount of powder samples 
using TEA CO2 laser-induced helium gas plasma. As is known, an analysis of 
powder material available in tiny amount is very urgent in many applications 
including in chemical laboratories, in forensic area, as well as in 
prestigious-powder-product industry such as cosmetic powder and valuable 
medicines. The conventional LIPS cannot be employed to perform analysis of tiny 
amount of powder because the powder cannot be pressed into a pellet. To solve 
this problem, we developed a unique technique by utilizing silicon grease mixed 
with the powder and the mixed powder was placed on a metal subtarget as a 
powder film. By assisting the metal subtarget, a high-temperature and large gas 
plasma was produced and finally fine powder particles were dissociated and 
excited in the plasma region.    
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Chapter 7 discusses the application of the LIGPS method for the analysis of 
powder sample. Highly sensitive and direct elemental analysis of powder 
materials cannot be performed using a conventional LIPS method. This is due to 
the fact that blowing-off of powder material occurs when the laser beam was 
directly focused on the powder surface. Therefore, in the method, the sample is 
most often pressed into pellet in order to avoid the blowing-off of powder. By 
devising many unique and sophisticated techniques developed in this present 
study, it was demonstrated that a highly sensitive and direct elemental analysis of 
powder material can successfully be realized with high precision and high 
sensitivity by using a TEA CO2 laser. 
Chapter 8 describes the application of LIGPS for analysis of sodium aerosol 
on material surface. As is known, analysis of sodium aerosol is important in 
sodium-cooled fast reactors. The sodium leak in atmosphere causes a degradation 
of plant components or electric device. Many techniques of sodium leak detector 
have been developed to analysis of sodium aerosol. However, in those techniques 
a sample preparation is necessary. Our present technique of LIGPS offers a rapid 
analysis without time consuming and sample preparation. Furthermore, 
high-sensitivity analysis of sodium has high possibility to be realized.  
Chapter 9 discusses the application of LIGPS for high-sensitivity analysis of 
trace metal elements on material surface. For the first time in LIBS field, we have 
successfully developed a double beams of TEA CO2 laser method for surface 
analysis. By using this method, high-sensitivity analysis of trace metal elements 
deposited on the material surface can be realized without the surface damaged.  
Chapter 10 presents the general conclusion of this work. 
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Chapter Two 
Review on Atomic Emission Spectroscopy 
 
Atomic emission spectroscopy (AES) has recently become a great analytical 
method. This method enables one to conduct a qualitative and quantitative 
elemental analysis because all elements can emit a specific line under the 
appropriate condition. In AES, the intensity of light emitted from a flame, arc and 
spark, and plasma at a particular wavelength or frequency is used to determine the 
quantity of elements in a sample [39-40]. The wavelength or frequency of the 
atomic spectral line gives the identity of the element, while the intensity of the 
emitted light is proportional to the number of atoms. AES uses a quantitative 
measurement of the optical emission from excited atoms to determine analyte 
concentration. This chapter will briefly describe basic concepts of AES. 
Furthermore, various techniques of AES will be shortly explained.  
  
10 
 
2.1 History and Basic Concepts of Atomic Emission Spectroscopy (AES) 
Atomic emission spectroscopy has developed since the observation of colors 
emitted when metal salt was introduced in the flames in 1800s. Moreover, 
Kirchoff and Bunsen performed an experiment in 1850s and concluded that each 
atom has a characteristic spectral signature that is difference in wavelength and 
frequency among atoms. Thus, the spectrum, which is characterized by the 
wavelength or frequency of atoms, became the basis for atomic emission 
spectroscopy (AES) [39]. 
 
 
  
 
 
Fig. 2.1 (a) Electrons jump from the ground state to the excited state when an energy source is 
introduced, (b) electrons are released from the excited state to ground state and energy is released 
as a photon (hυ). 
 
The concept of AES is basically based on a light emission occurred when 
electrons in an upper energy state of atom drop to lower level due to the fact that 
the atoms in the excited state have a natural tendency to de-excite and lose their 
excess energy. Each atom has a characteristic emission spectrum determined by its 
energy level. As is known, all electrons are populated in the ground state of 
atomic energy level in thermal equilibrium. Once a suitable energy is supplied to 
the atoms in inner high temperature sources such as flame, arc and spark, and 
plasma, the electron jumps from the ground state to the excited state of energy 
(a) 
energy 
Excited state 
Ground state 
(b) 
hυ 
Higher Excited state 
Ground state 
Lower excited state 
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level due to the absorption of required energy [Fig. 2.1(a)]. The electrons 
subsequently undergo a transition to the lower energy level or the ground state by 
emitting a light as shown in Fig. 2.1(b). This light has special characteristics as the 
spectrum depending on kind of atoms.  
There are two necessary steps in atomic emission spectroscopy, namely 
dissociation or atomization and excitation. Before performing those steps, a 
sample, in which the spectroscopic analysis is performed, is usually prepared in 
the form of a solution. In dissociation or atomization process, the solution sample 
is converted into vapor atoms by introducing the sample into a hot gas or an 
enclosed furnace. Several energy sources usually employed for dissociation or 
atomization are flames, electrical discharges (arc and spark), and electrically 
heated furnaces (electrothermal devices) [39]. High-temperature plasma induced 
in those energy sources plays an important role in the atomic excitation process. 
In order to understand the atomic emission spectroscopy, various techniques of 
atomic emission spectroscopy will be shortly described.   
 
2.2 Various Techniques of Atomic Emission Spectroscopy (AES) 
2.2.1 Flame Atomic Emission Spectroscopy 
Atomic emission spectroscopy using flames is the first and oldest spectroscopic 
technique. This technique has been established by Kirchhof and Bunsen since 
1850s when they observed the colors produced by metallic salts in flames. The 
technique is firstly applied for qualitative measurement of many elements 
including cesium, thallium, indium, and gallium. The Swedish plant physiologist 
Lundegardh then realized this technique to be used for quantitative analysis on 
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plant metabolism in 1920s. After the introduction of Gilbert’s total consumption 
burner by Beckman Instruments in 1951, flame technique rapidly grew to become 
an important analytical technique [41].  
 
 
 
 
 
Fig. 2.2 Flame can be used as a dissociation and excitation source for elemental analysis. 
 
In flame atomic emission spectroscopy, the flame produced by combustion of 
a fuel (hydrogen, acetylene, and propane) and an oxidant (oxygen, air, and nitrous 
oxide) is used as the energy source as illustrated in Fig. 2.2. The oxidant and fuel 
are introduced to the burner and ignited on top of the burner head due to 
combustion reaction. The intensity of energy source can be regulated by 
regulating the flow rates of fuel and oxidant using a two-stage regulator. Flame is 
not so high temperature but has good spatial and temporal stability.  
The sample used in the flame spectroscopy is usually prepared in the form of 
solution and it is nebulized into the high temperature region of flame where 
desolvation and atomization occur. In the vapor phase, molecules, free atoms, and 
ions are then produced. Using the flame emission technique, the atoms can also 
subsequently be excited. Thus, identity of the samples and their concentration can 
be measured. Flame atomic emission spectroscopy still becomes a sensitive 
technique for the determination of the alkali elements.       
Flame 
Burner 
Temperature ~ 2000 K 
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2.2.2 Arc and Spark Atomic Emission Spectroscopy 
Arc and spark emission spectroscopy (discharge method) has been developed 
since the 1920s. Before established, only the flame technique was mostly used as 
an analytical technique. The arc and spark technique became a popular for 
qualitative and semi-quantitative measurement since the war years of the 1940s. 
During this period, its commercial instrumentation was also produced utilizing the 
photomultiplier tube instead of the photographic plate. Using the technique, nearly 
all stable elements in the periodic table were able to be excited.  
 
 
 
 
Fig. 2.3 Arc and spark discharge can be used as a dissociation and excitation source for elemental 
analysis. 
 
In arc and spark emission spectroscopy, arc and spark are employed as the 
energy sources to dissociate an analyte and excite atoms. The arc is continuous 
atomizer, in which the atomization conditions are constant with time, while the 
spark discharge is non-continuous atomizer where conditions can change very 
rapidly. The arc is an electrical discharge between two or more conducting 
electrodes. One of the electrodes normally contains the sample as a powder, a 
solid mixture, or a solution. Emission intensities are normally integrated, 
throughout the time of arcing. Arc can be free-burning, in air or inert gas. 
Free-burning arc has been most often employed for spectroscopic analysis. 
Arc and spark discharge 
 Temperature ~ 5000 K 
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Several types of arc discharges are dc arcs, ac arcs, controlled-atmosphere arcs, 
and gas stabilized arcs. Spark discharge is similar to the arc discharge. The 
difference is that the spark is an intermittent high-voltage discharge rather than a 
continuous discharge like the arc. Even though the spark discharge is an extremely 
energetic source with high peak currents and high power densities, limits of 
detection are usually higher than that of arc discharge because states of high 
internal energy are produced, and the extent of ionization is higher. Also, very 
little sample is ordinarily consumed during sparking.  
In spark spectroscopy, the samples are usually prepared in the form of proper 
shape to serve as electrodes. For powder case, the sample can be mixed with 
graphite and pressed into a pellet to serve as the planar electrode. For solution 
sample, it is introduced directly in the form of an aerosol from a nebulizer.     
 
2.2.3 Inductively-Coupled Plasma Atomic Emission Spectroscopy   
In the early 1960s, Fassel and coworkers (Iowa State University, United States of 
America) and Greenfield and coworkers (Albright and Wilson Ltd, England) 
firstly studied the inductively-coupled plasma (ICP) as an analytical emission 
source. During this period, the technique could not develop well due to the fact 
that the flame atomic absorption spectroscopy was widespread acceptance as an 
analytical tool. The ICP technique then started to extremely growth as analytical 
technique in scientific laboratories and in analytical service laboratories since its 
instrumentation was commercially produced in 1975.  
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Fig. 2.4 Inductively coupled plasma (ICP) can be used as a dissociation and excitation source for 
elemental analysis. 
 
In inductively-coupled plasma-atomic emission spectroscopy (ICP-AES), the 
plasma is produced in a quartz tube surrounded by an induction coil that is 
connected to a high-frequency generator as illustrated in Fig. 2.4. Thus, the 
high-frequency generator plays an important role in inducing the plasma. The 
generator is commonly operated at frequency of 27 MHz. in the quartz tube, a 
noble gas such as argon, and helium is flowed during the analysis to act as the 
support gas for the plasma and as the coolant for the quartz tube. In order to 
initiate the plasma, a spark from the induction coil is applied to produce electrons 
and ions in the quartz tube. The electrons then collide with the Ar gas, resulting in 
plasma consisting of atoms, electrons, and ions. The temperature of the plasma 
formed in the tube is around 8000 to 10,000 K. It should be mentioned that the 
plasma condition is relatively stable (no fluctuation) compared to that the plasma 
produced by other sources.         
The samples employed in ICP technique are commonly prepared in the form 
of aerosol. Introduction of the sample into the plasma is one of the difficult 
problems in the atomic emission spectroscopy. Once the sample is introduced into 
Inductively-coupled 
plasma (ICP) 
 
Temperature ~ 8000 K 
High-frequency AC 
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the plasma region, it tends to avoid the high-temperature region due to the high 
gas plasma expansion. Thus, in order to solve this problem, in ICP, the generator 
is operated at higher frequencies (around 27 MHz), resulting in annular-plasma 
shape. This annular-plasma shape looks like a doughnut when viewed from below. 
The central region of the plasma (the doughnut hole) is quite cooler, which 
enables the aerosol sample to readily enter into the plasma region [39].   
      
2.2.4 X-ray Fluorescence Spectroscopy 
X-ray fluorescence (XRF) is the emission of characteristic (fluorescent) X-ray 
from a material target that has been excited by bombarding with high-energy 
X-rays or gamma rays. Spectroscopic technique utilizing X-ray fluorescence is 
referred to as X-ray fluorescence spectroscopy (XRF spectroscopy). 
XRF spectroscopy is commonly used for the qualitative and quantitative 
elemental analysis of environmental, geological, biological, industrial, and other 
kinds of samples. Compared to some competitive techniques, such as atomic 
absorption spectroscopy (AAS), inductively coupled plasma spectroscopy (ICPS), 
and neutron activation analysis (AAS), XRF has the advantage of generally being 
non-destructive, multi-elemental, and cost effective. It also provides a fairly 
uniform detection limit across a large portion of the periodic table and is 
applicable to a wide range of concentrations. A disadvantage is that analyses are 
restricted to elements heavier than fluorine and in-situ analysis cannot be realized. 
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Fig. 2.5 (a) An electron in the K shell is ejected from the atom by an external excitation X-ray, 
creating a vacancy, (b) an electron from the L or M shell jumps in to fill the vacancy. In the 
process, it emits a characteristic X-ray unique to this element and in turn, produces a vacancy in 
the L or M shell. 
 
When a primary X-ray excitation source from an X-ray tube or a radioactive 
source strikes a sample, the X-ray can either be absorbed by the atom or scattered 
through the material. The process in which an X-ray is absorbed by the atom by 
transferring all of its energy to an innermost electron is called the “photoelectric 
effect.” During this process, if the primary X-ray had sufficient energy, electrons 
are ejected from the inner shells, creating vacancies [Fig. 2.5(a)]. These vacancies 
present an unstable condition for the atom. As the atom returns to its stable 
condition, electrons from the outer shells are transferred to the inner shells and in 
the process give off a characteristic X-ray whose energy is the difference between 
the two binding energies of the corresponding shells [Fig. 2.5(b)]. Because each 
element has a unique set of energy levels, each element produces X-rays at a 
unique set of energies, allowing one to non-destructively measure the elemental 
composition of a sample. The process of emissions of characteristic X-rays is 
(a) (b) 
K L M N K L M N e- 
X ray radiation 
from X-ray tube 
X-ray 
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called “X-ray Fluorescence,” or XRF. Analysis using X-ray fluorescence is called 
“X-ray Fluorescence Spectroscopy.” In most cases, the innermost K and L shells 
are involved in XRF detection. A typical X-ray spectrum from an irradiated 
sample will display multiple peaks of different intensities. 
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Chapter Three 
Review on Laser-Induced Plasma 
Spectroscopy and Its Applications 
 
Laser-induced plasma spectroscopy (LIPS) is one of the atomic emission 
spectrochemical techniques, in which a high-power-pulsed laser is employed as an 
energy source. Compared to other analytical techniques, LIPS is much easier to 
widely spread and significantly develop due to the fact that the vaporization, 
atomization, and excitation processes take place at the same time by a single 
treatment of laser irradiation [42]. Thus, this method enables one to carry out 
rapid and direct analysis without significant time consuming. Also, the technique 
is highly possible to perform in-situ analysis due to its simplicity, flexibility, and 
freedom from sample pretreatment and is capable of conducting remote analysis 
because the technique requires only optical access to the sample being tested. 
Using this technique, various samples including solids, liquids, and gases can 
readily be analyzed. This chapter will describe a history and fundamental of LIPS 
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and its applications. Also, laser-induced shock wave plasma spectroscopy (LISPS), 
and laser-induced helium gas plasma spectroscopy will be reviewed to complete 
the elucidation of LIPS.       
 
3.1 History of Laser-Induced Plasma Spectroscopy 
Right after the pulsed laser was firstly invented by Theodore Maiman in 1960 
[1-2], many studies related to the use of excellent laser beam with high pulse 
power has successfully been conducted. One of the appealing works was 
generation of plasma induced by a high-power-pulsed laser, well known as 
laser-induced plasma (LIP) and firstly presented by Brech and Cross in X
th
 
Colloquium Spectrocopicum Internationale held at the University of Maryland in 
1962. One year after the meeting, Debras-Guedon and Liodec published the first 
analytical application of LIP for spectrochemical analysis of surface [43]. In 1964, 
Maker and Coworkers firstly reported their study in the use of high-power-pulsed 
laser to induce a breakdown plasma in the gas.  
The series of studies of emission spectroscopic analysis as application of high 
pulsed laser in various kinds of samples have been carried out by spectrochemists 
since 1964. Quantitative analysis with high precision of nickel and chromium 
contained in iron was reported by Runge et al. [44]. The linear calibration curves 
were obtained with precisions of 5.3 % and 3.8 %. Besides, they also described 
their work on analysis of molten metal. In 1966, Raizer reported the influence of a 
laser beam on breakdown and heating of gases [45]. Effect of matrix in 
spectrochemical analysis using high-power-pulsed laser was discussed by Cerrai 
and Truco in 1968 [46]. Their work focused on the dependence of spectral line 
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intensities on physical conditions such as grain sizes and boundaries. Marich et al. 
[47] reported on analysis of biological media, human serum and liver, with 
metallic contamination using laser plasma spectroscopy. The limit of detection of 
magnesium and copper, mercury and iron, which were intentionally mixed in the 
samples were 2 x 10
-15
 gm and 3 x 10
-13
 gm, respectively. In 1969, Buzukov et al. 
[48] generated a plasma in water. Lauterborn conducted high-speed photography 
of plasma in liquids. Aerosols became a subject of researches in the 1970s where 
Lencioni et al. studied the effects of dust and particles in the beam [49].  
Laser-induced plasma spectroscopy (LIPS) has significantly developed to be 
a very popular analytical technique since lasers and other LIPS instruments could 
be constructed to be a much smaller in the early of 1980s. During this period, a 
good quality laser, such as Nd:YAG laser, has successfully been constructed and 
was commercially available. The term of laser-induced breakdown spectroscopy 
(LIBS) has become very popular and widely been used in place of LIPS since 
1981 when it was introduced by Radziemsky and Loree in their published paper.  
Main point of LIBS is that the plasma is produced by a pulse laser at 
atmospheric pressure. Thus, the spectrum intensity emitted by produced plasma 
suffers from strong background emission, which arises from the process of 
electron-ion recombination and the electron-ion bremsstrahlung. In order to 
overcome the problem, a gated optical multchannel analyzer (OMA) was 
incorporated in the detection system. 
At the same time (1981), Kagawa et al. introduced another direction of LIPS 
technique by focusing a pulse laser on a sample at reduced pressure to induce a 
strong and large laser plasma. They have proved that shock wave played an 
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important role in the excitation of ablated atoms in the low pressure plasma. The 
technique was referred to as laser-induced shock wave plasma spectroscopy 
(LISPS). Using this technique, background emission intensity in the spectrum 
could be reduced without the use of gating system [50-52].    
Interest in LIBS and LISPS for elemental analysis on various kinds of 
material has further significantly grown up, which was revealed by the number of 
published papers in refereed journals. The number of papers related to LIBS has 
increased dramatically since 1995. Several factors give influence to the increase 
of interest in LIBS. First is the need for new techniques of analyses on many kinds 
of sample. Furthermore, the need for improved monitoring capabilities to increase 
the efficiency and sensitivity and reduce cost of production also becomes a 
motivation in the use of LIBS. The other, substantial development in reducing the 
size and weight without lowering the quality and capabilities of instruments 
makes LIBS possible to be applied outside the laboratory.       
   
3.2 Basic Principles of Laser-Induced Plasma Spectroscopy 
The discovery of laser has greatly changed the direction of atomic emission 
spectroscopy developments. The laser light has unique characteristics compared to 
other light sources. Special properties of laser beams are monochromaticity, 
directivity, coherence, and high intensity. For elemental analysis, some 
characteristics of laser beams play important role to the analytical results, namely 
the peak power and energy content per pulse, the temporal behavior of the pulses, 
the angular beam divergence and spatial intensity distribution in the beam, and the 
wavelength and spectral bandwidth of the beam [53].     
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 3.2.1 Laser-Induced Plasma from Gas 
Exciting phenomenon of the breakdown of gases and the creation of luminous 
spark at the focusing point of a laser beam occurred when high-power pulsed 
lasers with very high light intensities was focused in a gas. The density value of 
high power-pulsed laser typically used in LIBS is in order of approximately 
10
8
-10
11
 W cm
-2
. Two necessary conditions should be satisfied in order to induce 
the breakdown. First is the existence of initial electron in the focal volume to 
produce the initial ionization and the other is cascade breakdown to lead the 
ionization growth. The initial electron can be contributed from the transient 
electrons liberated by the cosmic rays or the natural radioactivity and from the 
presence of impurities having low ionization potentials such as organic vapors. 
Also, it can be readily generated by multiphoton ionization of the gas or solid. For 
the case of cascade breakdown, it is supposed to proceed by bremsstrahlung 
process, in which photons are emitted by electrons accelerated or decelerated in 
collisions [54].    
Detail mechanism of the generation of gas breakdown using high-power 
pulsed laser is explained as follows [54]: once a pulse laser is focused in a gas 
(laser power density of an order 10
8
-10
11
 W cm
-2
), few free electrons present in a 
focal volume absorb sufficient laser energy and are accelerated by the electric 
field in the optical pulse during the time period between collisions with neutral 
atoms or molecules populated in the gas region. The collisions thermalize the 
electrons and the electrons ionize the atoms and the molecules through the 
reaction of 
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e
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 + M       2e
-
 + M
+
   (1) 
Where e is electron and M is atoms or molecules. This reaction will permit the 
electron concentration to increase exponentially with time, yielding in cascade gas 
breakdown. Moreover, the use of high laser power density will also lead to 
significant multiphoton production involving a simultaneous absorption of a 
sufficient number of photons by an atom or molecule populated in the gas, 
resulting in avalanche or cascade ionization. This phenomenon is usually referred 
to as multiphoton ionization (MPI). MPI is explained by the reaction  
M + mhv     M
+
 + e
-
    (2) 
Where m is the number of photon, h is Planck’s constant and v is frequency of 
laser light. Both first and second equations have high possibility to result in 
electron multiplication and ionization of the gas and breakdown.  
The growth of electron concentration produced during the laser bombardment 
is governed by the following equation: 
dt
dne = vine + WmI
m
n - vane - vRne + )( enD   (3) 
Where Wm is the multiphoton ionization rate coefficient, which is obtained either 
by calculation or measurements at very low gas density, vi, va, vR are the impact 
ionization, attachment, and recombination rates, respectively, and D the diffusion 
coefficient for electrons. I
m
 is the irradiance (W/cm
2
) necessary for an m-photon 
process to occur, Λis the gradient operator.  
The multiphoton ionization (MPI) rate is proportional to I
m
, where m is the 
number of photons that have to be absorbed simultaneously in order to ionize the 
gas 
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m = integer part of (εI/hv+1)      (4) 
During the laser bombardment, the electron cascade growth also happened. In 
laser field, electrons will receive energy through electron-neutral inverse 
bremsstrahlung collisions; in the bremsstrahlung process, high-energy electrons 
emit radiation as they slow down (from the German words “bremsen”, to slow 
down, and “strahlung,” radiation). Electron will lose energy by elastic and 
inelastic collisions with neutral particles through excitation of rotational and 
vibrational degrees of freedom of molecules and excitation of electron states of 
molecules and atoms. However, although some electrons are lost by attachment, 
new electrons will be produced by ionizing collisions. If the laser power density is 
high enough, a few electrons will receive an energy larger than the ionization 
energy. These electrons will induce new electrons by the impact ionization of the 
gas, resulting in electron cascade growth.   
  
3.2.2 Laser-Induced Plasma from Solid Targets 
When a high-power-pulsed-laser is focused on a solid target surface, a 
high-intensity-laser-induced plasma is produced due to rapid melting and/or 
vaporization of the sample surface. The threshold for breakdown of solid targets is 
usually significantly lower than the breakdown threshold of gases. Plasma can be 
produced by the laser power density of the order of 10
9
 W/cm
2
 or greater which 
produce a denser, more absorbing blow-off material. The plasmas produced by 
laser pulses with picosecond (ps) and femtosecond (fs) have great difference from 
the case of laser pulses with nanosecond duration. For laser pulses of ps and fs 
duration, reheating of plasma due to absorption of laser radiation does not happen 
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as in the cases of nanosecond (ns) laser pulses. Thus, the volume of plasma 
produced in the case of ps and fs pulses laser is much smaller than in the case of 
ns laser pulses. As a result of reheating plasma by laser radiation, the plasma 
produced by ns laser pulses gets elongated towards the incident laser beam. The 
process of the generation of laser-induced breakdown plasma from solid sample 
consists of two steps, namely (a) vaporization of the solid sample and the 
formation of the laser plasma and (b) the expansion of the plasma in vacuum or 
into surrounding gas [55].  
  The model of the plasma generation from the solid sample by using ns laser 
pulses is described as follows [55]: once the ns high-power-pulsed laser impinges 
on the sample surface, a small part of sample surface is ejected and the ejected 
sample is then vaporized. Due to the high laser power density, the vaporized 
sample is readily heated by absorption of incoming laser radiation, yielding a high 
density plasma. This absorbing plasma keeps light from reaching the sample 
surface, which is effectively cut off from the incoming radiation for a large 
fraction of the laser light. At the end of the laser pulse, the vaporized sample 
becomes very hot that it begins to radiate thermally and some of this radiation 
may reach the surface, causing further vaporization. The processes involved in 
vaporization by a ns laser can be understood in terms of a simple model. It takes 
into account the pressure produced by a small amount of the blow-off material 
early in the laser pulse. This recoil pressure raises the boiling point of the target 
above its usual vaporization temperature. If the increase in vaporization 
temperature is sufficiently high, the surface will be prevented from vaporizing 
further and the material will continue to heat to a high temperature (above the 
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normal vaporization temperature) as more and more laser light from the pulse is 
absorbed by the target surface. Eventually, the target surface will reach the critical 
point and at that point vaporization can occur. This model has been used to 
estimate the maximum depth at which the critical temperature is exceeded. At 
depths greater than this, removal of the material which is heated above the critical 
point will continue to exert a sufficiently high pressure so that no vaporization 
will occur. The heat will eventually be conducted into the interior of the target. 
This model does not take into account the shielding of the target surface from the 
incoming laser light as the blow-off material becomes hot, ionized and opaque. 
 
3.3 Review on Laser-Induced Shock Wave Plasma Spectroscopy (LISPS) 
Just after the invention of the pulsed high power laser, many papers have been 
published on the shock wave produced by laser irradiation in gas or solid material 
in any kind of ambient gas. Ramsden et al. and Daiber et al. recorded the 
expansion of the luminous plasma front induced by a shock wave as a function of 
time by employing streak and framing camera when a high peak power Nd:YAG 
laser was focused in the gas. Shadowgraph technique and interferometer 
technique were used by Basov et al. to record the expansion of the laser plasma 
induced by a high peak power Nd: Glass laser (6J, 15 ns) focused onto a carbon 
target in air surrounding gas at 2 torr. They noticed that the plasma front consists 
of a thin shell structure in agreement with prediction of the theoretical shock wave 
equation formulated by Sedov [56]. They also found that the high electron density 
was accumulated just behind the shock wave front, which means that the high 
temperature occurs only behind the shock wave front. It should be emphasized 
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that all of the above experiments were conducted using high energy laser of the 
order of few joules, while no report ever mentioned the use of low energy laser (in 
the order of mJ) for the generation of shock wave. Much less was known in the 
literature on the relation between the shock wave formation and excitation 
mechanism of the ablated atoms and its application for spectrochemical analysis. 
On the contrary to the technique described above, namely by using low 
energy laser, Kagawa et al. successfully produced a laser plasma at low pressure 
surrounding gas of around 1 Torr on a solid material by using many kinds of low 
energy lasers such as pulsed N2 laser, pulsed transversely excited atmospheric 
(TEA) CO2 laser, and excimer laser [57-58]. The laser plasma consists of two 
distinct regions. The first is a small area of high temperature plasma (the primary 
plasma), which gives off an intense continuous emission spectrum for a short time 
just above the surface of the target. The second area (the secondary plasma) 
expands with time around the primary plasma, emitting sharp atomic spectral lines 
with negligibly low background signals. It was observed that the size of the 
secondary plasma changes with the pressure of surrounding gas and the pulse 
energy of the laser light as assumed that the secondary plasma was excited by a 
shock wave. The relationship between the initial explosion energy, E0, and the 
velocity of the produced shock wave, c, and also the secondary plasma, r, was 
derived from the blast wave theory for a point explosion as  
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Where ρis the density of the surrounding gas, and α is a constant involving 
the ratio of the specific heat of the gas, γ. The plots of the experimental results 
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on the relationship between the pulse energy of the laser light and the size of 
plasma showed in good agreements with the equation, verifying the shock wave 
model. Figure 3.1 shows the plasma photographs produced when the pulsed N2 
laser (6 mJ, 5 ns) was focused on (a) a copper sample, (b) a zinc sample at low 
pressure air surrounding gas of 1 torr. Based on the experimental observation, the 
secondary plasma has a hemispherical shape with the emission front moving at a 
speed given by Sedov’s equation [56] and the emission intensity was found to 
decrease abruptly below 1 Torr, we concluded that the secondary plasma emission 
was ascribable to shock wave excitation of the ablated atoms. In order to confirm 
the shock wave model, a series of subsequent experiments have been carried out 
and the results are described below.  
 
 
 
 
 
 
Figure 3.1 Plasma photographs taken from (a) the copper sample, and (b) the zinc sample when a 
N2 laser was focused on the samples at low pressure air surrounding gas of 1 torr. 
 
It is known that the study of the ablation process is quiet difficult; one of the 
difficulties is related to its highly transient nature. However, Kagawa et al. have 
made it possible to detect the time-resolved spatial distribution of the emission 
intensity by employing a special technique, yielding the information regarding 
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movement of the emission front [59-61]. By employing Abel conversion method 
[62-63], the intensity distributions of the neutral and ionic emissions were 
analyzed at different moments after the initiation of the laser bombardment. It was 
observed that the emission region featured an outer shell structure expanding at a 
speed as predicted by Sedov’s equation for the point explosion of a blast wave. 
The other experiment by using confined plasma [64] showed a plane wave 
structure of the secondary plasma which is similar to the shock wave in a 
mechanical shock tube generated by a very high speed shock.  
The modulated plasma emission induced by an obstacle, such as a wire and a 
needle was also demonstrated by Kagawa and his group [65-69]. The results 
shown phenomena where the emission structure is exactly following the shock 
wave structure expected from hydrodynamics effect, such as the peculiar 
nonlinear interference phenomena induced in the secondary plasma emission 
structure. 
Further evidence of the laser-induced shock wave plasma was proven by the 
density jump measurement. For this experiment, a special interferometric 
technique was devised on the basis of rainbow refractometer without using an 
additional and delicate beam splitting setup for the probing laser. This new 
technique was used for the characterization of plasma induced by a Q-switched 
Nd:YAG laser on metal samples. An unmistakable signal of the density jump was 
detected simultaneously with the observation of the emission front signal. It was 
proved that the emission front and the front of the shock wave coincided and 
moved together with time at the initial stage of the secondary plasma expansion. 
However, at a later stage, the emission front began to fall behind the shock wave 
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front propagating in the surrounding air. Analysis of the data of the shock front 
movement along with the emission characteristics has led to the conclusion that 
shock wave was responsible for the excitation process in the secondary plasma 
[70-71].  
The Proof of the secondary plasma generated by shock wave was also 
successfully demonstrated using a non optical method. In this technique, the 
charge-induced current due to the electrons coming out from the target was 
detected by employing partially transmitted metal mesh electrode placed in front 
of the target. By comparing the time profile of the total emission intensity of the 
ablated atoms and that of the charge-induced current, it was shown that there was 
little correlation between the number of electrons and the emission intensity of the 
secondary plasma. The result of this study has again failed to turn up evidence for 
the significant roles of electron recombination and electron collision model 
[72-74].  
Kagawa et al. also showed in another work that the high speed at which the 
ablated atoms are removed from the target was a necessary condition to generate 
the secondary plasma. They compared the characteristics of the laser plasma 
induced by focusing a laser pulse on the surface of glass samples by using XeCl 
laser, TEA CO2 laser and Nd:YAG laser under reduced pressure of around 1 Torr. 
It was observed that shock wave plasma could not be generated by the TEA CO2 
laser on low-melting-point glass, in contrary to what was observed with excimer 
laser irradiation. The pulse duration of the TEA CO2 laser is known to be 
considerably longer compared to that of XeCl laser. It was understood that during 
the long pulse irradiation with relatively low power, the surface of the 
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low-melting-point glass became softened and recoil energy of the atom is 
absorbed on the surface. As a result, the ablated atoms in the primary plasma did 
not have enough speed to form the shock wave. If this is true, we should be able 
to overcome this problem by placing a hard sub-target behind the sample so as to 
provide the repulsion force needed to push out the atoms with high speed. Indeed, 
this sub-target effect was confirmed on a number of samples such as the 
low-melting-point glass and silicon grease painted on copper plate [75-79]. This 
experimental result has thus provided additional support to their model of 
laser-induced shock wave plasma.  
Kagawa et al. have further proved that even under high pressure surrounding 
gas of 760 Torr, the same shock wave mechanism appears to operate as in the case 
of low pressure gas by confirming the coincidence between the emission front and 
density jump [80-82]. Recently, another research group [83] has proved by using 
multi fibers optics probes, the role of the shock wave in a laser-induced plasma 
emission for soil samples at atmospheric pressure. Callies et al. [84] observed the 
strong shock wave induced by an excimer laser in the ablation process of 
materials. Schlieren photography and shadowgraphy were used to detect gas 
dynamic process. The results showed that the propagation mechanism of the 
shock wave depends on the ambient gas pressure and the laser pulse energy.  
 
3.4 Applications of Laser-Induced Plasma Spectroscopy 
Laser-induced plasma spectroscopy (LIPS) is a spectroscopic technique, which 
utilizes plasma plume emission induced by high-power-pulsed laser on/in a 
sample target for analytical purpose. The use of LIPS was initiated by 
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Debras-Guedon and Liodec where they published their work on analytical 
application of LIP for spectrochemical analysis of surface. After that, the series of 
studies of emission spectroscopic analysis on application of high pulsed laser in 
various kinds of samples have been carried out by spectroschemists since 1964. 
The LIPS technique to elemental analysis can be divided into two main 
categories differing by the pressure of the surrounding gas; one using atmospheric 
pressure and the other using low pressure. In the case of LIPS at atmospheric 
pressure, a Q-switched Nd:YAG laser with a pulsed energy approximately of 
several tens of millijoules is focused on the sample, resulting in high temperature 
and high-density plasma. In order to remove the strong continuous optical 
emission spectrum exhibited in the initial stage of plasma generation, a gated 
optical multichannel analyzer (OMA) system must be employed. This method is 
commonly referred to as laser-induced breakdown spectroscopy (LIBS) and was 
first developed by Radziemski and coworkers. In contrast to the ordinary LIBS 
technique, Kagawa et al. have developed an alternative technique using low 
pressure regimes. The low-pressure plasma shows characteristics favorable to 
elemental analysis; in particular, the low background emission intensity and a 
good linear relationship between the analytical emission line intensity and the 
content. In this technique, the analytical spectrum can be obtained using OMA 
system without a gating function. They have referred this technique as 
laser-induced shock wave plasma spectroscopy (LISPS). The LISPS can be 
employed to quantitative analysis on steel samples by using N2 laser, excimer 
laser and TEA CO2 laser [61, 85]. Furthermore, the technique can be applied to 
glass analysis [86], detection of halogen atoms [87], food material analysis [88], 
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hydrogen and deuterium analysis [89-92], and so on.  
Nowadays, the LIPS technique has been applied in various fields of 
applications. Some applications of the LIPS technique are summarized in table 1.  
Table 3.1 Some applications of the LIPS techniques in various fields. 
No Areas/fields Applications 
1 Nuclear stations 
and industries 
Determination of impurities in uranium and 
plutonium [93-95], Determination of thorium and 
uranium in solution [96], Determination of 
Pu-239/Pu-240 isotope ratios [97], Material analysis 
of nuclear power station steam generator tubes [98], 
Determination of uranium in thorium–uranium mixed 
oxide fuel materials [99], Analysis of plutonium 
oxide surrogate residue [100] 
2 Space Space exploration applications [101-103] 
3 Steel and metal 
industries 
Steel analysis [104-107], alloy analysis [108-115] 
4 Food industries Breakfast cereal analysis [116], Potatoes analysis 
[117] 
5 Environment Soil analysis [118-121], liquid analysis [122], 
wastewater analysis [123-124], aerosol analysis 
[125-126],  
6 Archeology and 
Geology 
Rock analysis [127], archeology analysis [128], 
archeological sciences [129], geological material 
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[130], mineral analysis [131]  
7 Forensic and 
security 
Explosive materials analysis [132], hazardous 
material detections [133], Forensic comparative glass 
analysis [134] 
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Chapter Four 
Emission Characteristics of Laser-Induced 
Gas Plasma  
 
4.1 Introduction 
Laser-induced plasma spectroscopy (LIPS), well known as laser-induced 
breakdown spectroscopy (LIBS), has been recognized as a convenient atomic 
spectroscopic method. The popularity of this method is indicated by a large 
number of published papers on this method in many journals (over 1500 papers in 
the past 5 years) [25, 42, 135-137]. In LIBS, a Q-switched neodymium-doped 
yttrium aluminum garnet (Nd:YAG) laser with a pulsed energy of approximately 
several tens of millijoules is focused on a sample target under atmospheric 
pressure of the surrounding gas. For convenience, we called this plasma 
laser-induced target plasma in order to distinguish it from our transversely excited 
atmospheric (TEA) CO2-laser-induced gas plasma. In target plasma, plasma is 
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produced by an ablated atom by interacting with the surrounding gas. 
Compared with other analytical techniques, LIPS is very easy to widely 
spread and significantly develop owing to the fact that vaporization, atomization, 
and excitation processes occur at the same time by a single treatment of laser 
irradiation [138]. Thus, this method enables one to carry out rapid and direct 
analysis without significant time consumption. Also, the technique may be used to 
perform in-situ analysis owing to its simplicity, flexibility, and lack of sample 
pretreatment; it is also capable of remote analysis because it requires only optical 
access to the sample being tested [139-141]. Using this technique, various 
samples including metals[104-106, 142], solid [143-144], liquids [123,145], and 
gases [125-126] can readily be analyzed. However, according to the results of our 
experiments, the conventional LIPS technique still has many limitations when 
applied to soft samples, soil samples, and powder samples. Namely, the technique 
cannot be used to conduct rapid and direct insitu elemental analysis, and 
high-precision and high-sensitivity analysis cannot be achieved. This is because a 
strong shock wave, which is necessary to induce high-temperature plasma, cannot 
be produced owing to the lack of repulsion force on the surface when a pulsed 
laser is directly focused on the surface of a soft sample [78, 81, 83]. As a result, 
the atomic emission intensity of the plasma is rather weak in the case of 
conventional LIPS using a Nd:YAG laser.  
We have developed a novel method that is different from the conventional 
LIBS method above opening a new branch of the LIBS method, namely, the 
transversely excited atmospheric (TEA) CO2 laser-induced gas plasma technique. 
In this experiment, a TEA CO2 laser (wavelength of 10.64 µm, pulse duration of 
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200 ns, and energy of several hundreds of mJ) was focused on a metal surface 
under atmospheric pressure of the surrounding gas, while the metal itself was 
never ablated and the metal only served as a subtarget to induce gas plasma [146]; 
this phenomenon never occurs in the case of the conventional LIBS technique, in 
which a Nd:YAG laser is most often employed to induce the “target plasma”. A 
strong and large gas plasma (diameter of around 10 mm) was produced. We called 
this plasma “laser-induced gas plasma”. This plasma is very favorable for 
spectrochemical analysis because its plasma temperature is rather high and it has a 
high heat capacity. We have successfully employed this method for the direct 
analysis of powder samples as well as soft samples [146]. Furthermore, when we 
used He as the surrounding gas, a large number of characteristic emissions were 
produced, namely, the emission spectrum is very narrow in spectral width with a 
very low background and a long lifetime. We have applied this He gas plasma to 
the hydrogen analysis of metal samples [147]. This He gas plasma technique has a 
high prospect for realizing highly sensitive analysis because the background 
emission is very low and the spectral width is very narrow. Therefore, in order to 
establish this gas plasma technique, we must completely understand the excitation 
mechanism of atoms in He gas plasma.  
In order to clarify the mechanism of excitation in TEA CO2 laser-induced He 
gas plasma, in our previous research [148], we studied the emission characteristics 
of hydrogen, carbon, fluorine, and He using a thin Teflon plate attached to a metal 
subtarget. It should be stressed that, in the TEA CO2 laser-induced He gas plasma, 
atoms are excited in a cool plasma. To explain this, we proposed a model in which 
He metastable atoms play an important role in excitation; namely, atoms collide 
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with He metastable atoms to be ionized by the Penning effect, and then the 
resulting ions recombine with electrons to produce excited states, from which 
atomic emissions occur. It should also note that He emission continues for a long 
time, but that the excitation energy level of He (approximately 23 eV), from 
which He emission occurs, is much higher than that of He metastable states (19.8 
eV). To explain this, we assumed that an atom of the He metastable state is 
ionized by colliding with another atom of the He metastable state through the 
Penning effect. He ions and electrons then recombine to produce a higher-energy 
state of He, and by cascade transition, the He excitation state is produced, from 
which He emission occurs. On the basis of the experimental results, we concluded 
that during recombination, the triplet He excited state is more often produced than 
the singlet state. This is probably due to the fact that the level energy of the triplet 
state is lower than that of the singlet state if the electronic orbit state is the same. 
If this is true, the same phenomenon will be observed in the Ca and Mg atoms, 
which have two electrons in their outer orbit like the He atom.  
In order to support our model, in this research, we studied the emission 
characteristics of the Ca and Mg atoms in He gas plasma using a glass slide 
sample. Furthermore, we examined the emission characteristics by varying the gas 
used (i.e., He, N2, CO2, and Ar).   
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Fig. 4.1 (a) Experimental setup used in this study. (b) Illustration of gas plasma generation on a 
nickel metal surface using the TEA CO2 laser. (c) Illustration of gas plasma generation with the aid 
of a metal subtarget using a glass slide sample. 
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4.2 Experimental Procedure 
Figure 4.1(a) shows the experimental setup used in this study. A TEA CO2 laser 
(Shibuya SQ 2000, pulse energy of 3 J, wavelength of 10.64 µm, pulse duration of 
200 ns in full width at half-maximum, and beam cross section of 30 x 30 mm
2
) 
was employed to induce a strong gas plasma. This laser was constructed and 
commercially developed by Shibuya Company Japan for laser marking. The laser 
was focused on a metal surface through a ZnSe window using a ZnSe lens with a 
focal length of 100 mm. During the experiment, the laser energy was fixed at 750 
mJ by inserting an aperture in the path of the laser beam, which results in an 
irradiance of 0.38 GW/cm
2
. 
In this study, a nickel metal plate (30 x 20 x 0.15 mm
3
) was employed as the 
sample target. The metal plate was placed in a metal chamber with dimensions of 
12 x 12 x 12 cm
3
, which was filled with different flowing gases including He, N2, 
CO2, and Ar gases. The pressure of the surrounding gases in the chamber was set 
at 1 atmosphere. The flow rate of the gases was 4 liters per minute (Lpm). It must 
be stressed that no ablation of the metal surface occured and that the metal only 
functioned to only initiate gas plasma generation. This phenomenon only occurs 
in the case of the TEA CO2 laser never in the Nd:YAG laser case. 
In order to study the emission characteristics of Ca and Mg in gas plasma, we 
must induce a gas plasma with a high reproducibility and a sample containing Ca 
and Mg should be supplied constantly into the gas plasma region. For this purpose, 
a glass slide sample with dimensions of 30 x 20 x 1.5 mm
3
 was tightly attached to 
a nickel plate, which had a dimensions of 30 x 20 x 0.15 mm
3
 and functioned as 
the metal subtarget. The samples were then placed in a metal chamber, as 
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described above.  
The emission spectrum was obtained using an optical multichannel analyzer 
(OMA) system (ATAGO Macs-320) consisting of a 0.32-m-focal-length 
spectrograph with a grating of 1,200 groves/mm, a 1,024-channel photodiode 
detector array, and a microchannel plate image intensifier to detect laser plasma 
radiation. The spectral resolution of the OMA system is 0.2 nm. The light 
emission of the laser plasma was collected using an optical fiber (0.3π sr), which 
was fed into the OMA system. One end of the fiber was placed at a distance of 4 
cm from the focusing point of the laser light and set perpendicularly to the path of 
the laser beam. The gate delay time and gate width of the OMA system were set at 
5 and 100 µs, respectively. Each spectrum was obtained using 10 shots of laser 
irradiation.   
 
4.3 Results 
First, the generation of gas plasma has been carried out in various surrounding 
gases at atmospheric pressure, as shown in Fig. 4.1(b). Figure 4.2 shows 
photographs of the metal-assisted TEA CO2 laser-induced gas plasma in the cases 
of the (a) He, (b) N2, (c) CO2, and (d) Ar gases. In this experiment, a nickel metal 
plate was used as the sample target, on which TEA CO2 laser bombardment (750 
mJ, 200 ns) was performed. Note that no ablation on the metal surface occurred; 
this phenomenon only occurs in the case of TEA CO2 laser and never happens in 
the Nd:YAG laser case. The gas plasma emission shown in Fig. 2 comes from the 
surrounding gas. It is clearly seen that in the case of the He gas [Fig. 4.2(a)], a 
hemispherical gas plasma with a diameter of approximately 10 mm was produced 
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with a brilliant orange color. On the other hand, a small triangular gas plasma with 
a very bright white color occurred in the cases of the gas plasma induced in the N2, 
CO2, and argon surrounding gases, as shown in Figs. 4.2(b)-4.2(d), respectively.  
 
 
 
 
 
 
 
 
Fig. 4.2 Photographs of gas plasma emission induced by TEA CO2 laser bombardment on a nickel 
plate in (a) He, (b) N2, (c) CO2, and (d) Ar gases. The experiment was performed at 1 atmospheric 
pressure. 
 
Figure 4.3 shows how the emission intensities of the gas plasma change with 
time after the TEA CO2 laser bombardment of the metal target. The gate width of 
the OMA system was set at 1 μs. It is observed that in all the gases, the emission 
intensities sharply increase to have a peak at approximately 3 μs and finally 
decrease with time. It is surprising that the helium line at 587.6 nm has a high 
intensity and its emission continues for a long lifetime of approximately 30 μs; 
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nevertheless, the excitation energy of He I at 587.6 nm is very high at 
approximately 23 eV. This phenomenon cannot be explained when we consider 
that thermal excitation is a major process, which usually occurs in ordinary LIBS. 
If this emission is due to thermal excitation, the plasma temperature must be very 
high and must be maintained for a long lifetime. However, it is easily assumed 
that the actual plasma temperature in the He gas decreases faster than that in the 
other gases owing to the high thermal conductivity of the He gas. Therefore, as 
described in our previous work [148], we assumed that, in the case of helium gas 
plasma, another excitation plays an important role, namely, atomic excitation 
through He metastable atoms. In addition, it should be mentioned that in our 
preliminary experiment, we found that, in the case of the argon gas, the 
background emission is always high even at a later stage, however, we assumed 
that it is no prospect for a practical viewpoint. Therefore, we excluded the argon 
as the surrounding gas in this experiment. 
 
 
 
 
 
 
 
 
Fig. 4.3 Time profiles of He I 587.6 nm, N I 746.8 nm, and C I 247.8 nm taken from gas plasma 
induced by TEA CO2 laser bombardment on a nickel plate in He, N2, and CO2 surrounding gases.  
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In order to estimate the gas plasma temperature, we sent the copper atom in 
the gas plasma region. It is because by using two lines of Cu emission (Cu I 510.5 
nm and Cu I 521.8 nm), which can be obtained simultaneously in one frame of 
display of our OMA system, the temperature of the gas plasma can easily be 
derived by assuming the Boltzmann distribution. For this purpose, we made a 
copper film on a copper metal plate. In order to make the copper film sample, an 
etching method was employed. When the TEA CO2 laser bombardment was made 
on the copper plate, the film sample can easily evaporate and the copper plate only 
functions as a subtarget. It should be mentioned that when the laser beam was 
directly focused on the copper plate without the film sample, no ablation on the 
plate surface happened.  
 
Fig. 4.4 Time profiles of gas plasma temperature in various kinds of gases including He, N2, CO2 
gases. The plasmas were induced by the TEA CO2 laser bombardment on the etching copper plate 
at 1 atmospheric pressure. 
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different surrounding gases of He, N2, and CO2. The plasma temperatures were 
derived by the ratio of the emission intensity of Cu 521.8 nm (excitation energy of 
6.2 eV) to that of Cu I 510.5 nm (excitation energy of 3.8 eV), with the 
assumption of Boltzmann’s distribution is fulfilled. It is seen that all gas plasma 
shows high temperature regardless of surrounding gas kinds. This result endorsed 
that the TEA CO2 laser-induced gas plasma can be used to perform 
spectrochemical analysis. 
As we described in Introduction, in order to clarify the excitation of atoms in 
He gas plasma, we must study the emission characteristics of Ca and Mg. For this 
purpose, a glass slide containing Ca and Mg atoms of approximately 3.6 and 1%, 
respectively, was employed as the sample. In order to supply constantly Ca and 
Mg atoms in the gas plasma region, a unique technique was employed, as shown 
in Fig. 4.1(c). Namely, the glass sample was attached to a nickel metal plate, 
which served as the metal subtarget. A circular hole with a diameter of 
approximately 2 mm and a height of 1.5 mm was made inside the glass sample 
using several hundreds of TEA CO2 laser bombardments on the sample. After the 
hole was made, gas plasma could constantly be induced on the metal subtarget in 
the hole. It is assumed that there are two possible reasons for the sampling of Ca 
and Mg atoms from the glass slide sample. The first is the interaction between the 
laser beam and the wall surface in the hole inside the glass sample, the second is 
the interaction between a strong gas plasma and the wall surface during gas 
plasma expansion. Further study is necessary to understand this process in detail. 
Namely, fine particles of glass sample are vaporized, and finally the dissociation 
and excitation of Ca and Mg atoms occur in the gas plasma region. For 
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convenience, we called this technique the “automatic sampling technique using 
hole”. 
 
Fig. 4.5 Emission intensities of H I 656.3 nm and Ca II 393.3 nm corresponding to the number of 
laser shots taken from He gas plasma induced on a glass slide target with the aid of a metal 
subtarget. The plasma was induced by TEA CO2 laser bombardment at 1 atmospheric pressure. 
 
Prior to the study of the characteristics of the Ca and Mg atoms, the stability 
of gas plasma emission was examined. The stability of gas plasma emission is 
very important in the study of the emission characteristics. Figure 4.5 shows how 
the emission intensities of Ca and H change with the number of laser shots. 
Emission was taken from the glass slide sample containing Ca and hydrogen of 
around 1 and 0.1%, respectively. The experiment was performed in the He 
surrounding gas at atmospheric pressure. The gate delay time and gate width of 
the OMA system were set at 5 and 100 μs, respectively. Each point plotted in the 
curve was obtained using 10 shots of laser bombardment. It is clearly seen that the 
emission intensities of Ca II 393.3 nm and H I 656.3 nm are almost constant with 
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the number of laser shots. This result indicates that the technique can be used to 
take data for studying the emission characteristics of Ca and Mg atoms in the He 
gas plasma.  
Figure 4.6 shows the emission spectrum of Ca ionic lines (Ca II 393.3 nm and 
Ca II 373.7 nm), which have different excitation energies, in the (a) He, (b) N2, 
and (c) CO2 gases. It is known that the excitation energy of Ca II 393.3 nm and Ca 
II 396.8 nm is 3.2 eV; Ca II 373.7 nm and Ca II 370.6 nm have higher excitation 
energies of 6.5 eV from the ground state of the Ca
1+
 ion, as shown in the inset of 
Fig. 4.6(a). The emission was taken from the glass slide sample. The gate delay 
time and gate width of the OMA system were set at 5 and 100 μs, respectively.  
 
Fig. 4.6 (a) Emission spectra of Ca ion taken from He gas plasma. The plasma was induced by 
TEA CO2 laser bombardment on a glass slide target with the aid of a metal subtarget at 1 
atmospheric pressure. 
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Fig. 4.6. Emission spectra of Ca ion taken from (b) N2, and (c) CO2 gas plasmas. The plasmas 
were induced by TEA CO2 laser bombardment on a glass slide target with the aid of a metal 
subtarget at 1 atmospheric pressure. 
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393.3 nm and Ca II 396.8 nm) appear relatively high in all the gases including the 
He, N2, and CO2 gases. On the other hand, it should be stressed that the emission 
intensities of the Ca ion having a higher energy level (Ca II 370.6 nm and Ca II 
373.7 nm) clearly occurred only in the He gas [Fig. 4.6(a)]; in the N2 and CO2 
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gases, the emission intensities are very weak, as shown in Figs. 4.6(b) and 4.6(c), 
respectively.  
 
 
 
Fig. 4.7 Time profiles of (a) Ca II 393.3 nm and (b) Ca II 373.7 nm taken from gas plasmas in 
various gases, namely, He, N2, and CO2 gases. The plasmas were induced by TEA CO2 laser 
bombardment on a glass slide target with the aid of the metal subtarget at 1 atmospheric pressure. 
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the Ca ion with a low energy level (Ca II 393.3 nm) and Fig 4.7(b) shows that of 
the Ca ion with a high energy level (Ca II 373.7 nm). It should be pointed that in 
the He gas case, the Ca ionic lines of both Ca II 393.3 nm and Ca II 373.7 nm 
have high emission intensities and long lifetimes. On the other hand, in the N2 and 
CO2 gas cases, only the Ca II 393.3 nm line shows a high emission intensity, 
while the Ca II 373.7 nm line shows a very low intensity and a very short lifetime. 
This is because in the case of the Ca II 373.7 nm line, the excitation energy is very 
high at approximately 6.5 eV from the ground state of the Ca
1+
 ion, as shown in 
the inset of Fig. 4.7(b). It is probably difficult to excite atoms that have a high 
excitation energy. Excitation can take place only when the plasma temperature is 
high. This implies that the excitation in the N2 and CO2 gases proceeds through 
thermal excitation; a different excitation mechanism occurs in the He gas. Note 
that the lifetime of the Ca neutral atom (Ca I 422.6 nm) is almost the same as that 
of Ca ions in the He gas case. 
As we have demonstrated in He gas plasma [148], the He line in the triplet 
state mostly occurs with a high emission intensity compared with that in the 
singlet state. It was assumed that during recombination, the triplet state is the 
main product and the singlet state is a minor product. In order to discuss the 
excitation mechanism of atoms in gas plasma, the use of singlet and triplet 
emission intensities is very important.  
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Fig. 4.8 Emission spectra of Ca I 422.6 nm (singlet) and Ca I 445.5 nm (triplet) taken from gas 
plasmas in various gases including (a) He, (b) N2, and (c) CO2 gases. The plasmas were induced by 
TEA CO2 laser bombardment on a glass slide target with the aid of a metal subtarget. 
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To compare the Ca emissions in the triplet and singlet states in the He gas and 
other gases, namely N2 and CO2, we used the Ca I 422.6 nm line as a 
representative of the singlet state and the Ca I 445.5 nm line of the triplet state. 
This is because these two emission lines can be obtained simultaneously in one 
frame of display of the OMA system. The excitation energies of the Ca I 422.6 nm 
and Ca I 445.5 nm lines are approximately 2.9 eV and 4.7 eV, respectively, from 
the ground state of a Ca neutral. Figure 4.8 shows the emission spectra of Ca in 
the singlet state (Ca I 422.6 nm) and triplet state (Ca I 445.5 nm) taken from the 
glass slide sample in the (a) He, (b) N2, and (c) CO2 gases. The gate delay time 
and gate width of the OMA system were 5 and 100 μs, respectively. It is seen that 
the Ca I 422.6 nm emission line (singlet) relatively strongly appeared in all the 
gases. However, note that the emission of Ca I 445.5 nm (triplet) was strongly 
detected only in the He gas [Fig. 4.8(a)]; it was faintly detected in the N2 and CO2 
gases [Figs. 4.8(b) and 8(c), respectively].  
 
 
 
 
 
 
 
Fig. 4.9 Emission intensity ratio of Ca I 445.5 nm (triplet state) to Ca I 422.6 nm (singlet state) 
taken from gas plasma in various gases including He, N2, and CO gases. The plasmas were 
induced by a TEA CO2 laser bombardment on a glass slide target with the aid of a metal subtarget 
at 1 atmospheric pressure. 
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By reading the emission intensities of Ca in the singlet and triplet states [Fig. 4.8], 
we can obtain the emission intensity ratio of the triplet state (Ca I 445.4 nm) to the 
singlet state (Ca I 422.6 nm), as shown in Fig. 4.9. It can clearly be observed that, 
compared with those in the N2 and CO2 gas cases, the emission intensity ratio in 
the He gas case is relatively strong. It should be stressed that the triplet emission 
in the He gas case is extremely enhanced compared with those in the cases of the 
other gases.  
We expected that the emission characteristics of the Mg atom are almost the 
same as that of the Ca atom because the Mg atom has the same electronic 
configuration as the Ca atom. However, the ionization energies between Mg and 
Ca atoms are different, which might bring some differences between emission 
characteristics. Figure 4.10 shows the emission spectra of the Mg ion obtained 
from the glass slide sample in the cases of the (a) He, (b) N2, and (c) CO2 gases. 
The gate delay time and gate width of the OMA system were 5 and 100 μs, 
respectively. It is known that the excitation energy of the Mg II 279.5 nm line is 
4.4 eV from the ground state of the Mg ion (Mg
1+
 ion); the Mg II 293.6 nm line 
has a higher excitation energy of 8.5 eV from the ground state of the Mg
1+
 ion as 
shown in the inset of Fig. 4.10(a). Note that the Mg ionic line with a lower 
excitation energy (Mg II 279.5 nm) has a high strong emission intensity in all the 
gases like the Ca ionic line with lower energy level (Fig. 4.5). However, the ionic 
emission line with a higher excitation energy (Mg II 293.6 nm) is observed only in 
the He gas; it is negligible in the other surrounding gases, i.e. N2 and CO2. Also, 
note that the Mg neutral resonance lines (Mg I 285.2 nm) are almost the same in 
emission intensity for all the surrounding gases and are relatively weak compared 
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with the Mg ion (Mg II 279.5 nm) with a lower energy level; this result shows the 
same tendency as that in the case of the Ca atom.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10 Emission spectra of Mg ion taken from gas plasma in various gases including He, N2, 
and CO2 gases. The plasmas were induced by TEA CO2 laser bombardment on a glass slide target. 
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Figure 4.11 shows the time profiles of the Mg II 293.6 nm and Mg I 285.2 nm 
lines taken from the glass slide sample under He as the surrounding gas. Note that 
the neutral resonance line (Mg I 285.2 nm) has the same profile as the Ca neutral 
resonance line, namely the emission has a long lifetime. On the hand, in the case 
of the emission line of the Mg ion with a higher excitation energy state (Mg II 
293.6 nm), the emission lifetime is very short at approximately 15 μs. Compared 
with that of the Ca ionic emission with a high excitation energy [Fig. 4.7(b)], the 
lifetime of the Mg II 293.6 nm line is very short.  
 
 
 
 
 
 
 
 
Fig. 4.11 Time profiles of Mg II 293.6 nm and Mg I 285.2 nm taken from gas 
plasma in He surrounding gas. The plasma was induced by TEA CO2 laser 
bombardment on a glass slide target with the aid of a metal subtarget at 1 
atmospheric pressure. 
 
It is also interesting to examine whether the Mg line in triplet emission is 
relatively stronger than that in singlet emission in the He gas case as observed in 
the Ca atom.  
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Fig. 4.12 Emission spectra of Mg I 518.4 nm (triplet) taken from gas plasmas in various gases 
including (a) He, (b) N2, and (c) CO2 gases. The plasmas were induced by a TEA CO2 laser 
bombardment on a glass slide target with the aid of a metal subtarget at 1 atmospheric pressure. 
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Figure 4.12 shows the emission spectra of Mg in the triplet state (Mg I 518.4 nm) 
taken from the glass slide sample for the (a) He, (b) N2, and (c) CO2 gases. The 
experimental conditions are the same as those in Fig. 10. It can clearly be seen 
that the emission intensity of the Mg I 518.4 nm line (triplet) in the He gas case 
[Fig. 4.12(a)] is much higher than those in the N2 and CO2 gas cases [Figs. 4.12(b), 
and 4.12(c), respectively]. The emission intensity ratio between Mg I 518.4 nm 
(triplet) and Mg I 285.2 nm (singlet) is shown in Fig. 4.13. The singlet emission 
intensity was taken from Fig. 4.10. It can clearly be seen that the emission 
intensity ratio is high only in the He gas. This tendency is the same as that in the 
case of Ca atoms (Fig. 4.9), namely the triplet emission in the He gas case is 
extremely higher than those in the cases of the other gases.  
 
 
 
 
 
 
 
 
Fig. 4.13 Emission intensity ratio of Mg I 518.4 nm (triplet state) to Mg I 285.2 nm (singlet state) 
taken from gas plasmas in various gases including He, N2, and CO2 gases. The plasmas were 
induced by the TEA CO2 laser bombardment on a glass slide target with the aid of a metal 
subtarget at 1 atmospheric pressure. 
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4.4 Discussion 
4.4.1 Mechanisms of Plasma Generation Process in Conventional LIBS and 
LIGPS 
The plasma generation induced by our developed method of LIGPS using a pulsed 
TEA CO2 laser under 1 atmospheric pressure is completely different from the 
plasma generation induced by conventional LIBS method using a pulse Nd:YAG 
laser, which most people usually employ [149-155]. 
(a) 
 
 
 
(b) 
 
 
 
 
Fig. 4.14 Illustration of plasma generation in (a) conventional LIBS, and (b) LIGPS 
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gush out from the primary plasma at supersonic speed. The propelled atoms 
compress the surrounding gas, generating a strong shock wave in the surrounding 
gas. The propelled atoms from the sample target are excited in the high plasma 
temperature region behind the shock wave.  
On the other hand, in the case of LIGPS by using a pulsed TEA CO2 laser, 
different plasma phenomenon occurs due to the unique characteristics of TEA 
CO2 laser, owing to its low frequency (long wavelength of 10.64 µm) and long 
pulse duration (200 ns). Figure 4.14(b) shows a mechanism of plasma generation 
induced by a TEA CO2 laser on a metal surface at atmospheric pressure. Electrons 
are released from the surface owing to a multiphoton absorption, which occurs at 
the focusing point of the laser light. These electrons are then accelerated to a high 
energy in a low-frequency electric field of laser light, which induces the cascade 
ionization of atoms in the gas, generating an initial gas plasma. Once this initial 
plasma has been produced, laser light is completely absorbed in gas plasma by 
inverse bremsstrahlung via free-free transitions. This absorption is much stronger 
for the TEA CO2 laser than for the Nd:YAG laser because the plasma absorption 
coefficient is proportional to the inverse square of the frequency of laser light 
[156]. Furthermore, the pulse duration of the TEA CO2 laser is relatively long 
(200 ns), about 20 times longer than that of the Nd:YAG laser, which means that 
almost all the energy from the TEA CO2 laser is absorbed by the gas plasma. Also, 
pulse energy of the TEA CO2 laser is much higher more than ten times compared 
to that of commercial Nd:YAG laser. Therefore, the gas plasma produced by the 
TEA CO2 laser is very strong and has a high temperature and a high heat capacity.  
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4.4.2 Atomic Excitation Process through Helium Metastable Atoms 
When a pulse TEA CO2 laser was focused on a metal surface in helium 
surrounding gas at 1 atmospheric pressure, a strong helium gas plasma was 
induced. We have assumed that many He metastable atoms are produced in the 
helium gas plasma region. Diagram of energy level of He and detail explanation 
about He metastable atoms are shown in appendix 1. Those He metastable atoms 
will play an important role in the dissociation and excitation of atoms through the 
Penning effect.  
The Penning effect is the process of ionization of impurities or molecules by 
collisions with the metastable atoms [157]. The process is named after the Dutch 
physicist Frans Michel Penning who first reported it on the excitation process of 
impurity atoms in the noble gas (He, Ne, Ar, Kr, Xe) electric discharge in 1927. 
The process is represented by following equation, 
A* + B      A  +  B
+
  +  e     (1) 
Where B
+ 
is one of a number of excited and ionized states. When the ionization 
energy of B atom is lower than the excitation energy of the metastable atom A*, 
the energy of the metastable atom A* will be transferred to ionize B atoms. 
Electron produced in the Penning effect carries off excess potential energy in the 
form of kinetic energy.  
In the case of helium metastable atoms (He*), we propose the following 
equations to explain the energy-transfer process, 
He
*
 + X       He + X
+
 + e
-
 ; Penning effect  (2) 
X
+
 + e
-
        X*      X + hυ     (3) 
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After an X atom is ablated from the metal surface, it collides with a He
*
 atom 
present in the He gas plasma induced through the Penning effect. The X atom is 
then readily ionized and releases a free electron (e
-
), as shown in eq. (2). The 
energy of this free electron corresponds to the energy difference between the 
excitation energy of He
*
 and the ionization energy of the X atom. Multiple 
collisions between this electron and ground-state He atoms reduce electron’s 
energy until electron finally recombines with the X atom to form X*, which 
results in the spectral emission of the X atom, as shown in eq.(3). It should be 
stressed that the atomic excitation process through He metastable atoms has very 
unique characteristics, namely, the plasma emission has long lifetime and the line 
width is very narrow with a low background emission intensity. This is because 
the excitation of atoms can proceed at a later stage of the He gas plasma life, when 
ions and electrons have already disappeared due to their recombination.  
 
4.4.3 Experimental Discussion 
From the experimental results above, the He gas case is different from the N2 and 
CO2 cases. Namely, as we have proposed in our previous paper [148], atoms are 
excited through He metastable atoms produced in He gas plasma. A similar role of 
He metastable atoms in excitation has also been observed by Olenici-Craciunescu 
et.al. They reported that, by using plasma jet induced in different noble gases 
including He, Ne, and Ar, the emission of the N2
+
 first negative system, which has 
a high excitation energy, can only be detected in the He surrounding gas [158]. It 
should be stressed that in our unique experiment, in which He gas plasma is 
induced with the aid of a metal, many He metastable atoms are produced in the He 
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gas plasma region. This is because gas plasma has a large diameter of 
approximately 10 mm and a high temperature. Many He metastable atoms are 
produced by the recombination of He ions and electrons in the He gas plasma 
region. When He ions and electrons recombine, the triplet He metastable state is 
produced at a higher probability than the singlet He metastable state. This is 
probably due to the fact that the energy level of the triplet state is lower than that 
of the singlet state in the same electronic orbit.  
Since the Ca and Mg atoms have the same electronic configuration (outer 
orbit) as the He atom, therefore, we expected that the same phenomenon will 
occur for the Ca and Mg atoms as in the case of the He atom. As shown in Figs. 
4.9 and 4.13, the emissions of Ca and Mg in the triplet state are relatively stronger 
than those in the singlet state in He gas plasma. This supported our assumption 
that, in the case of He gas plasma, the atoms are ionized by collision with He 
metastable atoms as the Penning effect, then the resulting ions and electrons 
recombine to produce an excitation state. On the other hand, it should be 
considered that, in the cases of the N2 and CO2 gases, the atoms are excited 
through thermal excitation.  
Next, we discuss the difference in emission characteristics between the Ca 
and Mg atoms. In the case of the Ca atom, the energy required to produce double 
ionization (Ca
2+
) is 17.1 eV. The ionization energies of the Ca neutral (first 
ionization) and Ca
1+
 ion (second ionization) are not so high, namely, the first 
ionization is 6.1 eV and the second one is 11.0 eV. Therefore, we assumed that in 
the excitation of Ca in He gas plasma, the double ionization of Ca (Ca
2+
) is 
directly induced through the Penning effect when a Ca atom collides with He 
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metastable atoms (He*), as shown in eq. (4) below. We propose the equation of 
what as follows: 
Ca + He*      Ca
2+
 + 2e
-
 + He ; Penning effect  (4) 
By the recombination of Ca
2+
 with an electron, an ionic excitation state of Ca
+**
 is 
produced, from which the ionic emission used as an analytical line occurs (Ca
+
 
ion) as follows: 
Ca
2+
 + e
-
       Ca
+**
       Ca
+
 + hv  (5) 
The high emission intensity and long lifetime of the Ca line with a higher energy 
level (Ca II 373.3 nm) in the He gas case, as shown in Fig. 4.7(b), support our 
assumption above. It should be stressed that, in the cases of the N2 and CO2 gases, 
where excitation occurs through thermal excitation, the emission intensity of Ca is 
negligible and has a short lifetime [Fig. 4.7(b)].  
In the case of the Mg atom, the energy required to produce Mg
2+
 is 22.6 eV 
(the first ionization energy is 7.6 eV and the second ionization energy is 15.0 eV). 
Note that this energy is higher than the energy of He metastable atoms (19.8 eV). 
Thus, it is impossible for the Mg atom to perform the direct double ionization of 
Mg (Mg
2+
) after collision with He metastable atoms; however, in the case of the 
Ca atoms, the direct double ionization of Ca (Ca
2+
) is induced. Therefore, we 
expect that the emission characteristics of the Mg ion will be different from those 
in the Ca ion case. As shown in Fig. 4.11, the emission lifetime of the Mg ion with 
a higher energy excitation state (Mg II 293.6 nm) is very short at approximately 
15 μs. In order to explain the Mg ion characteristics, we propose the following 
equations: 
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Mg + He*      Mg
+
 + e
-
 + He,   (6) 
Mg
+
 + He*      Mg
2+
 + e
-
 + He,   (7) 
Mg
2+
 + e
-
       Mg
+**
       Mg
+
 + hv.  (8) 
It is assumed that, by two-step collision between Mg and He metastable atoms 
through the Penning effect [eqs. (6) and (7)], the double ionization of Mg (Mg
2+
) 
and an electron is induced. Mg
2+
 then recombines with an electron to produce an 
ionic excited state of Mg (Mg
+**
), from which an emission line of the Mg ion 
(Mg
+
) appears, as shown in eq. 5. There is a probability that the Mg
+**
 production 
is lower than that in the case of Ca atom (Ca
+**
) because in the case of the Mg 
atom, a two-step collision is required. Therefore, only when He metastable atoms 
exist in He gas plasma with a high concentration, the Mg ionic emission be 
induced. This is the reason why the Mg ionic line is shorter than the Ca ionic line 
(Fig. 4.6).  
 
4.5 Conclusions 
The emission characteristics of gas plasma induced using a TEA CO2 laser in 
various gases including He, N2, and CO2 gases were studied. It was concluded that 
gas plasma can be used for analytical application regardless of the surrounding 
gas because its reproducibility can successfully be achieved and the gas plasma 
temperature is sufficiently high to excite atoms.  
By using Ca and Mg atoms, we concluded that thermal excitation is 
predominant in the cases of the N2 and CO2 gases; in the He gas case, we 
proposed an excitation model, in which the He metastable atom plays an 
important role.  
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Chapter Five 
Analysis of Chromated Copper Arsenate 
Preservative-Treated Wood Using 
Laser-Induced Gas Plasma Spectroscopy 
 
5.1 Introduction 
During the 1960s and 1970s, many houses in Japan were constructed using wood. 
At that time, in order to protect the wood from spoiling after construction, a 
chromated copper arsenate (CCA) was widely used as a wood preservative. The 
CCA-treated wood was used mainly for house foundations. As such houses age, 
they are demolished and rebuilt. During the demolition of old houses with 
construction equipment, CCA-treated wood is mixed with non CCA-treated wood. 
Therefore, a method for the inspection and identification of CCA-treated wood is 
required in the construction industry to ensure the safety of recycle wood. 
Researchers have conducted several studies focusing on the elemental 
analysis of wood. The techniques commonly employed for wood analysis are 
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atomic absorption spectroscopy and chromatography after treatment of the sample 
[159-162].
 
However, rapid and in-situ analysis cannot be performed using these 
techniques. Another technique used in the elemental analysis of wood is X-ray 
fluorescence spectroscopy (XRF)[163]. However, this technique is not generally 
amenable to online analysis of wood at the recycling factory. 
Laser-induced breakdown spectroscopy (LIBS) has become well known as a 
technique for elemental analysis on various sample types [42,135]. Helena M. 
Solo-Gabriele et al have applied LIBS to separate CCA-treated wood from other 
wood types. However, the technique has limitations when applied to the analysis 
of wet or rotted wood [163]. 
Basically, wood is the difficult to analyze using conventional LIBS. This is 
because wood samples are usually soft and non-homogeneous due to fringe 
structure. According to our research, the high-temperature plasma required as an 
excitation source cannot be induced on a soft sample. This is because a strong 
shock wave cannot be produced due to the lack of repulsion force on the surface 
when the pulsed laser is directly focused on the surface of the soft sample [78, 
81,83]. For this reason lower detection limits cannot be achieved, making accurate 
measurement impossible. Additionally, the diameter of the Nd:YAG laser spot is 
very small at only a few hundred μm. As a consequence when the laser beam is 
focused on different positions on the sample surface, which is non-homogeneous 
due to the fringe structure, the plasma induced on the sample surface fluctuates 
widely. 
As an alternative to the Nd:YAG laser, we have developed a metal-assisted 
gas plasma technique which uses a transversely excited atmospheric (TEA) CO2 
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laser to realize the direct analysis of powder samples [146]. In this case, a metal 
subtarget was used to induce a strong gas plasma, and atoms from the sample 
were excited into the gas plasma region. 
In this study, we applied the metal-assisted gas plasma technique for the 
analysis of CCA-treated wood. Also, a comparative study was made between the 
TEA CO2 laser-induced metal-assisted gas plasma technique and the conventional 
LIBS technique, in which Nd:YAG laser was applied. It should be stressed that 
our present technique, metal-assisted gas plasma technique, can be used for the 
semi in-situ analysis of wood samples at the wood selection facility. 
 
5.2 Experimental Procedure 
The experimental setup used in this study was shown in Fig. 5.1. A pulsed TEA 
CO2 laser (Shibuya SQ 2000 laser, pulse energy of 3 J, wavelength of 10.6 μm, 
pulse duration of 200 ns at full width half maximum, beam cross section of 3 mm 
x 3 mm) commercially produced by Shibuya Company for laser marking was used 
as an energy source for laser plasma generation. The laser beam was focused on a 
sample surface through a ZnSe window using a ZnSe lens with a focal length of 
200 mm. The laser energy was set at 750 mJ by placing an aperture in the path of 
the laser beam, which resulted in a power density of 0.38 GW/cm
2
.  
For the experiment using conventional LIBS technique, a fundamental 
Nd:YAG laser (Usho Optical Systems Polaris III, New Wave Research, pulse 
energy of 160 mJ, wavelength of 1.064 μm with a repetition rate of 10 Hz, pulse 
duration of 8 ns at full width half maximum) was employed for plasma generation. 
A quartz lens with a focal length of 7 cm was used to focus the laser beam onto 
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the sample surface. The power density was estimated to be approximately 10 
GW/cm
2
 when the laser energy was set at 60 mJ. In order to achieve a reliable 
signal to noise ratio (S/N ratio), we used 10 shots of laser irradiation for data 
acquisition by TEA CO2 laser and Nd:YAG laser.  
 
 
 
 
 
 
 
 
 
Fig. 5.1 Experimental setup used in this research 
 
In order to know how the laser plasma generation depending on the wood 
characteristics, we used two kinds of commercial wood; namely, a softwood 
sample (Cryptomeria, mass density of approximately 0.5 g/cm
3
) and a hardwood 
sample (Japanese cypress, mass density of approximately 0.7 g/cm
3
). These 
samples are readily available on the local market in Japan.  
For experiments using TEA CO2 laser, a sample with a dimension of 30 mm x 
20 mm and a thickness of 2 mm was attached to a Nickel plate (30 mm x 20 mm x 
0.15 mm), which served as a metal subtarget. It should be stressed that the metal 
itself is never damaged or ablated during TEA CO2 laser irradiation because the 
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power density of the laser beam impinging on the metal is lower than the ablation 
threshold of the metal due to the fact that most of laser energy is absorbed by the 
strong gas plasma (plasma shielding effect). This phenomenon only occurs when 
using the TEA CO2 laser and never when using the Nd:YAG laser, which is 
commonly employed in conventional LIBS technique. For Nd:YAG laser 
experiments, a sample with a dimension of 30 mm x 20 mm and a thickness of 2 
mm was prepared without nickel plate. The laser was directly focused on the 
sample surface. 
During experiments, all samples were attached on a holder placed in a metal 
chamber measuring 12 cm x 12 cm x 12 cm, which was filled with nitrogen gas in 
order to clean the dust produced by the wood sample during the laser 
bombardment. In these experiments, the pressure of the surrounding gas in the 
chamber was set at 1 atmosphere. The flow rate of gas was 4 liters per minute 
(Lpm). 
The emission spectrum was obtained by optical multi channel analyzer 
(OMA) system (ATAGO Macs-320) consisting of a 0.32 m focal-length 
spectrograph with a grating of 1200 groves/mm, a 1024-channel photodiode 
detector array, and a micro-channel plate image intensifier to detect the laser 
plasma radiation. The spectral resolution of the OMA system was 0.2 nm. The 
light emission of the laser plasma was collected by optical fiber fed into the OMA 
system. The fiber was bundled fiber with the diameter of each fiber measuring 0.5 
mm. The entrance and exit fibers were of different shapes; namely, the entrance 
fiber was circular with a diameter of 2 mm and the exit fiber was slit-shaped with 
a dimension of 4.5 mm x 1 mm. For the TEA CO2 laser, one end of the fiber was 
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placed at a distance of 4 cm from the focus of the laser light and set inclining 25
0 
from the perpendicular path of the laser beam. For the Nd:YAG laser, the distance 
of the optical fiber was set much closer at 1 cm from the focal point because of its 
small plasma. For the sensitive analysis of wood samples, a high-resolution 
monochromator (Jobin-Ybon HRS-2, f= 640 mm, 2400/mm, spectral resolution of 
0.02 nm) attached to an OMA system (Lambda vision LVICCD 1012) was used. 
For quantitative analysis, wood samples treated with various concentrations 
of CCA (Chromated copper arsenate) were employed. The samples were produced 
by one of the laboratories of this research group (Hokkaido Industrial Research 
Institute). The samples consisted of 4 sets of wood samples. Sample a contained 
231, 101, and 77 mg/kg of Cr, Cu and As, respectively. Sample b contained 1536, 
673, and 512 mg/kg of Cr, Cu, and As, respectively. Sample c contained 3003, 
1317, and 975 mg/kg of Cr, Cu, and As, respectively. Sample d contained 7446, 
3265, and 2482 mg/kg of Cr, Cu, and As, respectively. 
Prior to preparing CCA-treated wood samples, a conventional liquid 
containing CCA (Chromated copper arsenate) was prepared using K2Cr2O7, 
CuSO4.5H2O, and H3AsO4. For Cr, 137.5 g of the K2Cr2O7 was dissolved into 1 L 
water, resulting in a liquid containing 48600 mg/L of Cr. For Cu, 83.75 g of the 
CuSO4.5H2O was dissolved into 1 L water, resulting in a liquid containing 21300 
mg/L of Cu. While As, 51.16 g of the H3AsO4 was dissolved into 1 L water, 
resulting in a liquid containing 27000 mg/L of As. The liquids were then diluted 
from 10 to 500 times by adding the water. For the CCA-treated wood samples, 
Peisugi wood with a dimension of 30 mm x 36 mm x 15 mm was dried in a room 
with a temperature of 60
0
C for 2 days. Then, the dried wood was sunk into liquid 
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containing different concentrations of CCA. Under vacuum condition, the water 
was then removed and the wood was pressed at a pressure of 5 kg/cm
2
. Following 
this, the concentration of CCA in treated wood samples was determined using the 
Japanese analytical conventional (JAS) method. 
 
5.3 Results and Discussion 
It is well known that LIBS is very convenient as a method for rapid analysis on 
any sample including solids, liquids and gases. This is because the samples can be 
analyzed without pre-treatment and plasma can be easily induced by focusing the 
laser onto the sample surface. However, in order to obtain reliable quantitative 
analysis, we should have a good understanding of the physical mechanism of 
plasma generation. We should also consider the influence of sample 
characteristics such as hardness on the plasma generation. These considerations 
are especially important when we apply the LIBS technique to soft and 
non-homogeneous samples such as wood. 
Based on our long study on plasma generation mechanism, we have offered a 
model, in which a shock wave plays important role [78,81,83]. We have proved 
that this model is applicable not only for the low pressure plasma (1-20 torr), but 
also for the high pressure plasma like atmospheric pressure. The shock wave 
model is described as follows: once a pulse laser is bombarded on the sample 
surface, a primary plasma is produced above the surface of the sample. This 
plasma emits continuous emission spectrum for a short time of around 2 times of 
the laser pulse width. From the primary plasma, atoms come out and move with 
very high speed, pushing the surrounding gas like piston. The expansion of the 
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propelling atoms, being impeded by the surrounding gas, gives rise to 
compression process. As a result of this compression, a shock wave is generated 
in the surrounding gas with its wave front almost coinciding with the front of the 
propelling atoms. The most important point in the shock wave model is that the 
energy required to produce the plasma is supplied in the form of kinetic energy 
from the propelling atoms. Due to this compression process, the kinetic energy of 
the propelling atoms is converted into the thermal energy in the plasma, by which 
atoms are excited.  
It should be stressed that there is a relationship between the shock speed and 
the plasma temperature as shown in Rankine-Hugoniot equation. Namely, when 
the shock speed is very fast, the plasma temperature is also very high. It should be 
pressurized here that when the sample is soft, a strong shock wave cannot be 
produced because the soft sample absorbs recoil energy of the ablated atoms, 
which lowers the ablating speed of the propelling atoms, resulting in low plasma 
temperature. When the shock expanding speed is very fast, the ionization of the 
ablated atoms is profound because of the high temperature generation just behind 
the shock wave, as expected from the Rankine-Hugoniot equation. By using this 
fact, we have successfully measured a concrete strength using the emission ratio 
between ionic and neutral of Ca lines. We proved that there is a good relationship 
between emission intensity ratio of Ca II 396.8 nm and Ca I 422.6 nm and the 
hardness of concrete sample. 
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Fig. 5.2 Emission spectrum of Ca taken from (a) the softwood sample, (b) the hardwood sample by 
using conventional LIBS technique 
 
Based on our previous experiment of concrete described above, in this present 
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hardness of wood sample. Usually, the wood sample contains calcium with a 
concentration of approximately 2 %. Figure 5.2 shows the emission spectrum 
taken from the wood samples of different hardness; Fig. 5.2(a) represents the 
softwood sample (Cryptomeria) and Fig. 5.2(b) is the hardwood sample (Japanese 
cypress). Both emission spectra were taken by using 10 shots of Nd:YAG laser 
bombardment at fixed position on the sample surface; as described later, actually 
for wood sample, the emission spectrum fluctuates with the different positions. 
Fig. 5.2 is the representative of the emission spectrum taken from the hardwood 
and softwood samples. The laser energy used in this study is 60 mJ. The gate 
delay time and gate width of OMA system were 1 and 20 μs. In this study, we 
used the emission intensity ratio between Ca II 393.3 nm and Ca I 422.6 nm. It is 
clearly seen in the Fig. 5.2 that the emission intensity ratio between Ca II 393.3 
nm and Ca I 422.6 nm is higher for the case of hardwood sample [Fig. 5.2(b)] 
than the case of softwood sample [Fig. 5.2(a)]. Also, the total emission intensity is 
much higher for the case of the hardwood sample compared to that of the 
softwood sample. This result confirmed our previous concrete experimental result, 
namely the emission intensity ratio of ionic Ca and neutral Ca taken from the hard 
sample is much higher than that of the soft sample. As mentioned above, the wood 
is soft and non-homogeneous sample. Thus, we concluded that depending on the 
hardness, the plasma temperature changes. Therefore, when we used conventional 
LIBS method for the wood analysis, we should be careful in collecting data 
because the analytical result was affected by the hardness of the sample.  
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Fig. 5.3 Emission intensities of Ca II 393.3 nm taken from the hardwood sample (red curve) and 
the softwood sample (blue curve) corresponding to the number of laser shots by using 
conventional LIBS technique 
 
The significant issue in wood sample analysis is that the depth of the crater 
created by the laser bombardment on the sample surface increases, and plasma 
emission intensity decreases with the increased depth of the crater. Figure 5.3 
shows the emission intensities of Ca II 393.3 nm taken from hardwood and 
softwood samples with respect to the number of laser shots. Usually, the wood 
sample contains calcium at a concentration of approximately 2 %. The laser 
bombardment was directed at a fixed position on the sample surface with a laser 
energy of 60 mJ. The laser was directly focused on the sample surface, as shown 
in the insert of Fig. 5.3. It is clearly seen that at the initial stage, the emission 
intensities of Ca II 393.3 nm taken from the hardwood sample are very high. With 
an increase in the number of laser shots, the emission intensity of Ca II 393.3 nm 
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decreases steeply. For the softwood sample, the Ca II 393.3 nm emission intensity 
is nearly constant up to 10 shots of laser irradiation and finally decreases with the 
number of laser shots. Based on this result, for wood analysis we should take the 
data from the initial 10 shots of laser bombardment with the laser focused at a 
fixed position on the sample surface.  
From a practical perspective, laser irradiation has to be directed randomly on 
the sample surface because rapid analysis is the most important requirement. Thus 
we examined how the analytical data fluctuate depending on the position selected 
by random choice. Figure 5.4(a) shows how the emission intensity of Ca II 393.3 
nm changes with the different position on the wood sample surface. The gate 
delay time and gate width of OMA system were set at 1 and 50 μs, respectively. 
The laser energy was set at 60 mJ. The numbers 1 to 6 in graph have no meaning 
because the laser irradiation was directed randomly on the sample surface. Each 
item of data was derived from the spectrum taken by 10 shots of initial laser 
irradiation. It is seen that the Ca II 393.3 nm intensity fluctuates with the different 
position for both hardwood and softwood samples.  
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Fig. 5.4 (a) Emission intensities of Ca II 393.3 nm, and (b) emission intensity ratio of Ca II 393.3 
nm to Ca I 422.6 nm taken from the hardwood sample (red curve) and the softwood sample (blue 
curve) at the different positions on the sample surface by using conventional LIBS technique 
 
Figure 5.4(b) displays the emission ratio between Ca II 393.3 nm and Ca I 422.6 
nm both in case of hardwood and softwood samples. It can clearly be seen that the 
intensity ratio between Ca II 393.3 nm and Ca I 422.6 nm is also enormously 
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changes with the different positions both for the case of hardwood and softwood 
samples. The fluctuation of intensity ratio takes place due to the fringe structure of 
the wood sample. In this experiment, we did not make microscope observation. 
However, it is naturally supposed that the high emission intensity ratio is taken 
from the fringe part on the sample surface because the fringe part is harder than 
the area among fringes. From the data in Fig. 5.4(b), we can conclude that the 
plasma temperature is different depending on the hardness of the sample, namely 
fringe part and non-fringe part. It should be mentioned that when the plasma 
temperature changes, we cannot apply the conventional standardization method 
because the standardization method can be employed only when the plasma 
temperature is almost the same. Thus, we can conclude that there is a limitation in 
precision when we use conventional LIBS, in which Nd:YAG laser is employed, 
for analytical applications.  
The TEA CO2 laser wavelength and pulse duration are quite different from 
the Nd:YAG laser. Thus we expected that the TEA CO2 laser might be used for 
wood analysis because the wood sample has high absorbance in the TEA CO2 
laser wavelength. However, as we reported in our work [164], the TEA CO2 laser 
could not be used to generate plasma when the laser was directly focused on a soft 
sample. In order to generate plasma on a soft sample using the TEA CO2 laser, we 
have developed a metal-assisted gas plasma technique. With the aid of a metal 
subtarget, gas plasma can be induced. The sample was vaporized and the atoms 
were excited into the gas plasma region. We have successfully demonstrated this 
technique for powder and soil analyses, as reported in our previous papers 
[164-166]. 
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Fig. 5.5 Emission intensities of Ca II 393.3 nm taken from the hardwood sample (red curve) and 
the softwood sample (blue curve) corresponding to the number of laser shots by using the 
metal-assisted gas plasma technique, in which TEA CO2 laser is employed 
 
For the wood analysis performed in this study, we used the same 
metal-assisted gas plasma technique employed in powder analysis. Specifically, 
the metal was placed in tight contact with the backside of a wood sample, as 
shown in the insert of Fig. 5.5. Figure 5.5 shows how the emission intensities of 
Ca II 393.3 nm taken from the hardwood sample and the softwood sample change 
with the number of laser shots. The gate delay time and gate width of the OMA 
system were set at 10 and 100 μs, respectively. The laser energy was set at 750 mJ. 
It was clear that the emission intensities of Ca II 393.3 nm of both the hardwood 
and softwood samples were initially very weak. The intensities then sharply 
increased up to 50 shots of laser bombardment and finally became constant up to 
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contacted the sample surface and the sample is vaporized, but no plasma 
generation was observed. With the number of laser shots, a hole was created 
inside the sample and at 30 shots of laser irradiation, some parts of the laser beam 
directly contact on the metal subtarget placed in tight contact on the backside of 
the wood sample to induce gas plasma. At around 50 shots of laser irradiation, the 
hole inside the sample was completed, where the emission intensity of Ca II 393.3 
nm became constant. Thus it was concluded that the laser beam was completely 
impinged on the metal subtarget and induced strong gas plasma.  
It is thought that the mechanism of gas plasma generation in the case of TEA 
CO2 laser is as follows; When a TEA CO2 laser is focused onto a metal surface, 
electrons are released from the surface due to a multiphoton absorption process 
that occurs at the focal point of the laser light. These electrons are then accelerated 
to high energy in the low frequency electric field of the laser light, which induces 
cascade ionization of the atoms in the gas and generates an initial gas plasma. 
Once this initial plasma has been produced, the laser light is completely absorbed 
in the gas plasma by inverse bremsstrahlung via free-free transitions. This 
absorption is much stronger for the TEA CO2 laser than for the Nd-YAG laser as 
the plasma absorption coefficient is proportional to the inverse square of the 
frequency of the laser light. Furthermore, the pulse duration of the TEA CO2 laser 
is relatively long (200 ns), approximately 20 times longer than for the Nd-YAG 
laser, which means that nearly all the energy from the TEA CO2 laser is absorbed 
by the gas plasma. The gas plasma produced is, therefore, very strong and has a 
high temperature and high heat capacity. For the wood sampling process it is 
assumed that during the expansion of the gas plasma, the fine particles of the 
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wood sample are vaporized inside the sample. The vaporized particles then move 
to the strong and high-temperature gas plasma region to be atomized and excited. 
The atomization and excitation of the fine particles proceed well because the 
temperature of the gas plasma is high with a sufficiently high heat capacity. 
Figure 5.6(a) shows how the emission intensity of Ca II 393.3 nm changes 
with the different position on the wood sample surface under TEA CO2 laser 
irradiation. The emission lines of Ca II 393.3 nm were taken from the hardwood 
and softwood samples as used in the Nd:YAG laser case. It is seen in the Fig. 
5.6(a) that the emission intensities of Ca II 393.3 nm both from the hardwood and 
softwood samples are almost constant, regardless of position. Figure 5.6(b) shows 
a photograph of the holes created inside the softwood sample by TEA CO2 laser 
bombardment. Each hole was made by 100 shots of laser irradiation, where the 
emission spectrum was taken for analytical study. The metal subtarget placed in 
the backside of the wood sample was removed for the photograph. This good 
result is probably due to the fact that the spot size created by the laser 
bombardment inside the sample is very big at approximately 2 mm in diameter 
compared to the case of Nd:YAG laser of approximately 200 μm in diameter. The 
emission intensity of Ca II 393.3 nm for the TEA CO2 laser is a result of the 
average of the wide area in the sample, causing a quite stable plasma emission. It 
is also believed that the interior surface of the 2 mm hole is ultimately involved in 
the plasma-material interaction and that the resulting signal is bound to be more 
precise and more representative of the sample bulk than any ensemble of 
measurements taken on the surface. 
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Fig. 5.6 (a) Emission intensities of Ca II 393.3 nm taken from the hardwood sample (red curve) 
and the softwood sample (blue curve) at the different positions on the sample surface by using the 
metal-assisted gas plasma technique, in which TEA CO2 laser is employed, (b) photograph of the 
holes created inside the softwood sample after data acquisition of Fig. 5.6(a). 
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It should also be noted that in the case of the TEA CO2 laser, the fringe structure 
of the wood sample does not exert a significant influence on plasma emission. 
This is because the plasma is induced by the metal subtarget placed in tight 
contact on the backside of the sample rather than being generated by the wood 
surface as in the case of the Nd:YAG laser. The fluctuation of plasma emission for 
the Nd:YAG laser is due to the small spot size of the laser on the sample surface. 
Some may think that a good result would be obtained even with the Nd:YAG laser 
if the spot were enlarged. However, a large laser spot size cannot be employed 
because the power density of the laser on the sample surface becomes too low to 
induce the plasma. 
In order to compare the quality of analytical performance between the 
Nd:YAG and TEA CO2 lasers, we compared the emission spectra taken from the 
CCA-treated wood samples. Figure 5.7 shows emission spectra of (a) Cr, (b) Cu, 
and (c) As taken from wood samples containing 231 mg/kg, 101 mg/kg, and 975 
mg/kg of Cr, Cu, and As, respectively, using the conventional LIBS technique, in 
which the Nd:YAG laser was employed. The laser energy was set at 60 mJ. The 
laser was directly focused on the wood sample surface. The emission spectra were 
taken from the initial 10 shots of laser irradiation. The gate delay time and gate 
width of the OMA system were 1 μs and 20 μs, respectively.   
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Fig. 5.7 Emission spectra of (a) Cr, (b) Cu, and (c) As taken from the CCA preservative-treated 
wood by using conventional LIBS technique, in which Nd:YAG laser is employed 
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Fig. 5.8 Emission spectra of (a) Cr, (b) Cu, and (c) As taken from the CCA preservative-treated 
wood by using the metal-assisted gas plasma technique  
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Figure 5.8 shows the emission spectra of (a) Cr, (b) Cu, and (c) As taken 
from the same sample as used in Fig. 5.7, using the metal-assisted gas plasma 
technique, in which the TEA CO2 laser was employed. The emission spectra were 
taken using 10 laser shots after 100 shots of laser pre-irradiation, where the 
plasma emission intensity has already become constant. The laser energy was set 
at 750 mJ. The gate delay time and gate width of the OMA system were 10 μs and 
100 μs, respectively. By comparing the spectra in Figs. 5.7 and 5.8, in case of Cr 
and Cu, the emission spectrum profile is almost the same in both cases of the 
Nd:YAG laser and the TEA CO2 laser; however, the spectrum quality, namely the 
signal and noise ratio (S/N), is better for the TEA CO2 laser. On the other hand, 
for As, the spectrum profile quality with the TEA CO2 laser is significantly 
superior to that of the Nd:YAG laser, namely some lines at shorter wavelengths 
such as As I 228.8 nm do not appear in the Nd:YAG laser case; however, they 
clearly appear in the TEA CO2 laser case. 
Before making a calibration curve, we examined how the analytical 
emission line fluctuates with the different positions of the wood sample. It is 
considered that the emission fluctuation is caused by 2 causes, one is the hardness 
difference (different mass densities) due to the fringe structure in the wood sample 
and the other is homogeneity fluctuation of the concentration of CCA in the wood 
sample.  
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Fig. 5.9 The emission intensity of Cr I 425.4 nm taken from the CCA-treated wood at the different 
positions on the sample surface by using conventional LIBS technique, in which Nd:YAG laser is 
employed 
 
Figure 5.9 shows how the emission intensity of Cr I 425.4 nm for Nd:YAG laser 
case changes with the different positions on the wood sample surface. It is seen 
that the emission intensity of Cr I 425.4 nm seriously fluctuates (more than 30%) 
with the different positions. The result obtained by using the TEA CO2 laser is 
shown in Fig. 5.10(a). It should be noted that the fluctuation is very small, which 
is significantly different with the case of the Nd:YAG laser. Figure 5.10(b) shows 
the photograph of the hole after data acquisition of Fig.5.10(a). It is noted that the 
sampling spot is very big with a diameter of around 2.5 mm. The diameter of hole 
is longer than the distance between two fringes. Each position number 
corresponds to the position as in Fig. 5.10(a). It is believed that less fluctuation of 
the analytical emission intensities obtained from the TEA CO2 laser is attributed 
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to the large sampling spot in the plasma generation because the hardness and 
concentration fluctuations can be highly averaged. 
 
 
 
 
 
 
 
 
 
 
Fig 5.10 (a) emission intensity of Cr I 425.4 nm taken from the CCA-treated wood at the different 
positions on the sample surface by using the metal-assisted gas plasma technique, (b) Photograph 
of the holes created inside the CCA-treated wood sample 
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Fig. 5.11 Calibration curve of Cr contamination in the wood sample by using (a) Nd:YAG laser, 
(b) TEA CO2 laser 
 
Finally, in order to examine the effectiveness of our present technique in 
terms of quantitative analysis, calibration curves were obtained using the 
preservative wood samples containing different concentrations of Cr. Figure 
5.11(a) shows the calibration curve obtained using the Nd:YAG laser 
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(conventional LIBS technique) and Fig. 5.11(b) is for the TEA CO2 laser 
(metal-assisted gas plasma technique). Each point plotted on the calibration 
curves of Figs. 5.11(a) and (b) was an average of 5 spectra taken from different 
positions on the sample surface. It is clearly seen in Figs. 5.11(a) and (b) that the 
linearity of calibration curve for the TEA CO2 laser [Fig. 5.11(b)] is much better 
than that of the Nd:YAG laser [Fig. 5.11(a)]. The non-intercept zero might be 
because the Cr I 425.4 nm line overlaps with the unknown line in the spectrum. In 
addition, we have confirmed by JAS method that the non-treated wood (blank 
wood) does not contain chromium. In order to compensate for the uncontrolled 
fluctuation of the laser plasma intensity produced on the sample, internal 
standardization was carried out using the background emission employed in our 
previous work [166]. The standard deviation was found to be approximately 
20-36% for the Nd:YAG laser and 2-5 % in case of the TEA CO2 laser. 
The detection limits of Cr, Cu, and As in the wood sample using the Nd:YAG 
laser were approximately 11, 8, and 130 mg/kg, respectively, and for the case of 
TEA CO2 laser, namely metal-assisted gas plasma technique, the detection limits 
were approximately 1, 2, and 15 mg/kg for Cr, Cu, and As, respectively. The 
detection limit was derived by calculating the signal concentration which yielded 
3 times the noise level because this was clearly identified as a signal that could be 
distinguished from the noise [39]. These results clearly indicate that wood 
analysis by metal-assisted gas plasma technique, in which the TEA CO2 laser is 
employed, is significantly superior in precision and sensitivity compared to the 
conventional LIBS technique, in which the Nd:YAG laser is used as an energy 
source. It should also be noted that compared to the technique developed by 
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Helena M. Solo-Gabriele et al, our present metal-assisted gas plasma technique is 
significantly superior because analysis could be performed even on very soft 
wood samples such as rotted wood. 
It should also be noted that for the case of the TEA CO2 laser, even without 
metal subtarget, the plasma can be induced by successive laser irradiation, namely 
when a hole with a sufficient depth (approximately 3-4 mm) is produced. 
Although, the plasma emission intensity is lower by one tenth compared to the 
case of the metal-assisted gas plasma technique, direct irradiation of TEA CO2 
laser irradiation without subtarget can also be used for analytical application only 
when the CCA concentration is very high. It is estimated that 100 shots of TEA 
CO2 laser irradiation on wood sample enables nearly the same degree of data 
sensitivity as the Nd:YAG laser. However, it should be stressed that the advantage 
of the lower fluctuation that the metal assisted gas plasma technique resulted in is 
maintained because of the large sampling size. We assume that the hole effect 
observed in the TEA CO2 laser is most likely due to the confinement effect 
reported in our previous paper [167]. The effect can be explained based on the 
shock wave model. In the initial stage, the plasma emission is very weak, 
probably due to the fact that the ablation process proceeds slowly with long 
duration. This is because the softwood surface absorbs the recoil energy, and the 
atoms gushing from the primary plasma do not acquire sufficient speed, resulting 
in the lack of the compression in the shock wave generation stage. When a hole 
with a sufficient depth is produced inside the sample, the ablated atoms are 
confined in the hole so that the compression process is enhanced, generating a 
shock wave. 
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As mentioned in the introduction, recently, in-situ wood analysis has been in 
great demand for use in the screening of wood with and without CCA preservative 
in the recycle process. Some might think that application of our metal-assisted gas 
plasma technique is difficult for in-situ analysis. It is expected that the 
metal-assisted gas plasma technique developed in this study can be applied easily 
utilizing the system illustrated in Fig. 5.12. The recycle wood to be selected is 
sawed by the sawing machine to a thickness of approximately 2 mm. The saw 
metal remains inside the wood and serves as a metal subtarget. The TEA CO2 
laser is then directly focused on the sawed wood, in which the saw metal remains. 
After several dozen laser shots, a hole is completed inside the sample so that the 
laser beam directly impinges on the saw surface.  
 
 
 
 
 
 
 
 
Fig. 5.12 Illustration of the metal-assisted gas plasma system used in automatic line in recycle 
factory of wood 
 
5.4 Conclusions 
CCA-treated wood analysis has been successfully demonstrated by conventional 
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LIBS and metal-assisted gas plasma techniques. In the case of conventional LIBS 
technique, in which the Nd:YAG laser was employed, the results showed that 
serious emission fluctuation occurs mainly due to the fringe structure of the wood 
sample. Thus the precision is quite poor. Furthermore, because the wood includes 
soft samples, highly sensitive analysis is difficult to realize as high plasma 
temperature cannot be produced due to the lack of repulsion force on the sample 
surface. In the metal-assisted gas plasma technique, in which the TEA CO2 laser 
was employed, high precision and highly sensitive analysis can be carried out 
because of the stability of the plasma emission. In this study, calibration curves 
have successfully been obtained from CCA-treated wood samples containing 
different concentrations of Cr using the conventional LIBS and the metal-assisted 
gas plasma techniques. The standard deviation was found to be approximately 
20-36% for the Nd:YAG laser and 2-5 % in case of the TEA CO2 laser. The 
detection limits of Cr, Cu, and As in the wood sample using the conventional 
LIBS technique are approximately 11, 8, and 130 mg/kg, respectively; and for the 
case of TEA CO2 laser, namely the metal-assisted gas plasma technique, the 
detection limits are approximately 1, 2, and 15 mg/kg for Cr, Cu, and As, 
respectively. The results indicate that in the case of TEA CO2 laser, improved 
quantitative analysis can be realized. The precision and sensitivity of the results 
using the metal-assisted gas plasma technique are much higher than with the 
conventional LIBS technique. The present metal-assisted gas plasma technique 
has potential for use in the semi in-situ analysis of wood sample at a recycle 
production factory. 
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Chapter Six 
Analyses of Tiny Amount of Powder Samples 
Using Laser-Induced Gas Plasma Spectroscopy 
 
6.1 Introduction  
Rapid analysis of powder sample available only in a minute amount is really 
necessary in many cases. For instance, in chemical laboratory, a tiny amount of 
compound powder sample is sometimes found in chemical box without a label or 
information. We cannot distinguish the label-lost compound powder with other 
chemical powder samples, which have the same color and the same particle size 
of powder. A small amount of powder sample, which might contain hazardous 
elements, is also encountered in certain circumstances including in criminal 
investigation or antique inspection. It is also imperative to analyze and examine 
the elements contained in a precious medicine, which is very costly and available 
only in a minute amount. Thus, the development of a technique for rapid 
quantitative analysis of tiny amount of powder sample is urgently required.  
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A technique generally used to make direct analysis of powder sample is X-ray 
diffraction spectroscopy (XRD spectroscopy). This technique performs rapid 
analysis with good precision. However, we confirmed that the sensitivity of 
elemental result is very low (in order of hundreds ppm) when the powder sample 
is available in a minute amount (in order of mg). Another technique employed for 
analysis of tiny amount of sample is electron-probe micro analyzer (EPMA). 
However, in this technique the sample must be placed in a high-vacuum; thus, it 
requires tedious sample pretreatment and is time consuming. Moreover, this 
technique has a big system and is costly.           
It is known that laser-induced plasma spectroscopy (LIPS), which is well 
known as laser-induced breakdown spectroscopy (LIBS), has recently become a 
tremendous analytical technique for rapid semi-quantitative analysis of elements 
in organic materials samples [168], pharmaceutical products
 
[169], and soil 
analysis
 
[120]. However, the powder is difficult sample to be analyzed by using 
conventional LIBS technique due to the occurrence of the serious blowing-off of 
the powder when the high power-pulsed laser is directly focused on the powder 
sample. Thus, no result has been reported on the application of this technique to 
the direct analysis of powder samples
 
[42]. In order to overcome this problem, the 
powder is most often prepared in the form of pellet prior to the analysis
 
[170]. In 
such a case, a large amount of powder is necessary and the technique cannot be 
employed when the powder sample is available only in a tiny amount. The other 
solution is the use of double-pulse laser technique by collecting the powder using 
a double-sided tape as conducted by some researchers
 
[133]. Unfortunately, this 
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technique requires expensive equipment because two Nd:YAG laser systems were 
necessary. 
On the contrary to the conventional LIBS, we have found that transversely 
excited atmospheric (TEA) CO2 laser is suitable to induce a laser plasma on 
powder samples
 
[164]. It is because the wavelength and the pulse duration of the 
TEA CO2 laser of 10.640 µm and 200 ns, respectively, are longer than that of the 
fundamental Nd:YAG laser (wavelength of 1.064 µm and pulse duration of 8-10 
ns). Using this irradiation source, we have successfully developed several 
techniques to the analyses of powder sample by utilizing a metal subtarget [165, 
171-172]. However, those techniques required a large amount of powder sample 
and cannot be used to perform the analysis of powder sample present in a tiny 
amount (less than 10 mg).  
In the case of LIBS using a TEA CO2 laser, a strong and high-temperature gas 
plasma was produced when the laser was focused on a metal surface, while the 
metal itself was never ablated and damaged. This phenomenon never occurs for 
the case of conventional LIBS technique, in which a Nd:YAG laser is most often 
employed to induce a laser plasma. When the strong gas plasma was induced in 
He surrounding gas by the TEA CO2 laser, a lot of He metastable atoms were 
produced in the gas plasma region. Those He metastable atoms can effectively be 
used for atomic excitation source. 
Extending the successful application of the TEA CO2 laser to the analysis of 
powder sample, we propose a new approach of preparing the sample for analysis 
of powder sample available in a minute amount: namely, a powder sample (4 mg) 
is homogeneously mixed with high-vacuum silicon grease (4 mg); the grease 
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functions to strongly bind the powder particles and to avoid the blowing-off of the 
powder. The silicon grease-mixed powder sample (SMP sample) is then 
homogeneously painted with a very thin layer (a thickness of 0.4 mm) on a metal 
plate, which serves as a subtarget. The TEA CO2 laser is directly focused on the 
SMP sample in He surrounding gas, inducing a strong He gas plasma after the 
laser beam directly impinges on the metal surface. The fine powder particles are 
effectively dissociated and excited in the He gas plasma region.  
 
6.2 Experimental Procedure 
The basic experimental arrangement used in this study is shown in Fig.6.1. A 
TEA CO2 laser (Shibuya SQ 2000, pulse energy of 3 J, wavelength of 10.6 µm, 
pulse duration of 200 ns in full width of half maximum, beam cross section of 30 
mm x 30 mm), which was constructed by Shibuya Company for laser marking, 
was employed in this study. The laser beam was focused by a ZnSe lens (f = 200 
mm) on a target sample through a ZnSe window. The laser energy was varied 
from 750 mJ to 1.5 J by adjusting area of aperture set in front of the focusing lens. 
The spot size of the laser beam on the sample surface was 2 x 2 mm
2
.  
In this experiment, many various kinds of powder samples were employed: 
namely, powder of chemical compounds such as cupric sulfate (CuSO4.5H2O), 
titanium hydride (TiH2), phosphorus pentoxide (P2O5), Potassium Nitrate (KNO3), 
Urea (CO(NH3)2), and lithium fluoride (LiF), commercial gold film (Au foil) for 
traditional decoration and medical treatment, commercial fireworks (Peony 
Crackers, made in China), and standard soil samples containing heavy metals of 
Cr and Pb.  
 99 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1 Basic experimental arrangement used in this study. 
 
Prior to laser irradiation, All samples were crushed to a size of around 30 µm 
allowing the particles to easily dissociate and atomize in a strong He gas plasma 
region. A tiny amount of powder sample (4 mg) was homogeneously mixed with 
4 mg of silicon grease (Dow corning Asia, Made of USA) to avoid the 
blowing-off of the powder. Actually the analysis can be made even though the 
sample was available only 1 mg. However, in order to produce a good 
reproducibility of emission spectrum, we intentionally used the sample of 4 mg. 
The weight-ratio of powder sample and high vacuum-silicon grease is 
approximately 50%:50%, respectively. The silicon grease-mixed powder sample 
(SMP sample) was then homogeneously pasted with a very thin layer of 
approximately 0.4 mm in thickness and a dimension of approximately 10 x 10 
mm
2
 on a nickel metal plate as illustrated in Fig. 6.2(a).  
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Fig. 6.2 (a) Illustration of the sample holder used in this study. (b) A photograph of the powder 
mixed with the silicon grease after being irradiated by several shots of laser irradiation.  
 
Figure 6.2(b) shows a photograph of the powder mixed with the silicon grease 
after being irradiated by several shots of laser irradiation. The samples were 
placed in a metal chamber with dimensions of 12 x 12 x 12 cm
3
, which was filled 
and flowed with high-purity helium gas (99.999999%). The pressure of the 
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surrounding gases in the chamber was set at 1 atmosphere. The flow rate of the 
gases was 4 liters per minute (Lpm).  
The emission spectrum was obtained by using an optical multi channel 
analyzer (OMA) system (ATAGO Macs-320) consisting of a 0.32 m focal-length 
spectrograph with a grating of 1200 groves/mm, a 1024-channel photodiode 
detector array, and a micro-channel plate image intensifier to detect the laser 
plasma radiation. The spectral resolution of the OMA system is 0.2 nm. The light 
emission of the laser plasma was collected by using an optical fiber (27
0
 in solid 
angle), which fed into the OMA system. One end of the fiber was placed at a 
distance of 4 cm from the focusing point of the laser light and set perpendicularly 
to the path of the laser beam. For a highly-sensitive analysis, a high-resolution 
monochromator (Jobin-Ybon HRS-2, f= 640 mm, 2400/mm, spectral resolution of 
0.02 nm) attached to an OMA system (Lambda vision LVICCD 1012) was used. 
For a high resolution spectrum, the plasma was imaged in a ratio of 1:1 on the 
entrance slit of the monochromator by using a quartz lens (f= 70 mm). The slit 
width and the slit height of the monochromator were set at 40 µm and 20 mm, 
respectively. The gate delay time and gate width of both OMA systems were set at 
10 and 100 µs, respectively. Each spectrum was obtained using 5 shots of laser 
irradiation.   
 
6.3 Results and Discussion 
As described above, a direct analysis of powder sample is most difficult point for 
conventional LIBS technique. This is because blowing-off of powder happens 
when the laser was directly irradiated on the powder surface. In order to avoid this 
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problem, the analysis is most often pressed into a pellet. However, the 
conventional LIBS technique by using the pellet method cannot be employed to 
the analysis when the sample is available in a tiny amount. In this study, we offer 
a new technique by employing high-vacuum silicon grease as a binder. Using this 
technique, the blowing-off of sample can completely be solved and the analysis of 
powder in a minute amount can readily be conducted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3 Emission spectra taken from the copper sulfate powder mixed with the silicon grease with 
a weight-ratio of (a) 50%:50%, (b) 25%:75% for the powder sample by using the TEA CO2 
laser-induced gas plasma with the aid of high-vacuum silicon grease as a binder at 1 atmospheric 
pressure. 
0
2000
4000
6000
8000
10000
12000
490 500 510 520 530 540
Wavelength (nm)
In
te
n
s
it
y
 (
a
rb
.u
n
it
s
)
0
2000
4000
6000
8000
10000
12000
490 500 510 520 530 540
Wavelength (nm)
In
te
n
s
ity
 (
a
rb
.u
n
its
)
(a) 
(b) 
Cu I 510.5 nm 
Cu I 521.8 nm 
Cu I 510.5 nm 
Cu I 521.8 nm 
 103 
 
The initial study was addressed to search the optimum experimental condition. 
First, we examined the weight-ratio of mixture sample between silicon grease and 
powder sample. For this case, a copper sulfate powder sample mixed with the 
silicon grease with a weight-ratio of (a) 50%:50% and (b) 25%:75% for the 
powder sample was used as the samples (Fig. 6.3). In this experiment, we 
intentionally used nitrogen as a surrounding gas in order to estimate the 
temperature of gas plasma. It is seen in Fig. 6.3 that the emission lines of Cu I 
510.5 nm, Cu I 515.3 nm, and Cu I 521.8 nm clearly appear with very narrow 
spectral width and rather low background intensity. It should be noticed that the 
intensity ratio of Cu I 521.8 nm to Cu I 510.5 nm is higher for the case of 50% 
silicon grease-mixed powder [Fig. 6.3(a)] than that of 75% silicon grease [Fig. 
6.3(b)], which means that the plasma temperature for Fig. 6.3(a) (approximately 
6500 K) is higher compared to that of Fig. 6.3(b) (approximately 5500 K); the 
plasma temperature can readily be derived by the ratio of the emission intensity of 
Cu I 521.8 nm (excitation energy of 6.2 eV) to that of Cu I 510.5 nm (excitation 
energy of 3.8 eV), with the assumption of Boltzmann’s distribution. Also, we 
should mention here that when the powder sample was mixed with the silicon 
grease with the weight-ratio of less than 50% for the silicon grease, the SMP 
sample soon blew-off just after the laser irradiation. This is because the sample 
cannot strongly attach to the metal surface. The analytical result certified that the 
used of 50% silicon grease is suitable amount to strongly bind the powder sample 
and to attach the powder sample to the metal surface.  
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Fig. 6.4 Emission spectra taken from the copper sulfate powder with a thickness of (a) 0.2 mm, (b) 
0.4 mm painted on a metal surface by using the TEA CO2 laser-induced He gas plasma with the 
aid of high-vacuum silicon grease as a binder at 1 atmospheric pressure. 
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surrounding gas. It is clearly shown that the ratio of Cu I 521.8 nm to Cu I 510.5 
nm for the case of 0.2 mm thick [Fig. (6.4a)] is almost the same with the case of 
0.4 mm thick as displayed in Fig. 6.4(b). However, it should be noticed that the 
emission intensity of the sample with a thickness of 0.4 mm is much higher than 
that of 0.2 mm thick. It is assumed that for the case of the sample with a thickness 
of 0.4 mm, amount of powder particles enter into the plasma region is larger than 
that of 0.2 mm thick. However, when the thickness of the sample is higher than 
0.4 mm, the emission intensity was decreased. This is probably due to the fact that 
the amount of powder particles and silicon grease vaporized to the gas plasma is 
too much. Thus, the He metastable atoms populated in the plasma region are 
quenched by the powder particles (as impurities) as reported in our previous paper 
[173]. Therefore, we must control the amount of particles entering into the plasma 
region. Due to the reason above, we chose the sample with a thickness of 0.4 mm 
for further practical applications.  
 
 
 
 
 
 
 
 
Fig. 6.5 Emission intensity of Cu I 324.7 nm corresponding to the number of laser shots taken 
from the copper sulfate powder by using the TEA CO2 laser-induced He gas plasma with the aid of 
high-vacuum silicon grease as a binder at 1 atmospheric pressure. 
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Figure 6.5 shows how the emission intensity of Cu I 515.3 nm changes with 
the number of laser shots in He surrounding gas. The sample used in this 
experiment is a copper sulfate powder sample mixed with the silicon grease with a 
weight-ratio of 50%:50%. It is seen that the emission intensity of Cu I 515.3 nm is 
rather weak at the initial stage. The Cu intensity then sharply increases and 
achieves a maximum at 20 laser shots. After that, the Cu intensity keeps constant 
with the number of laser shots. This result indicated that this technique can be 
used to take the emission spectrum of several elements at the same position on a 
sample surface sequentially by repeating laser irradiation. It is hypothesized that 
after 15 shots of laser irradiation, the powder sample is completely removed and 
the laser beam directly streaks on the metal surface. Once the laser beam impinges 
on the metal surface, a strong and high temperature gas plasma is induced, 
producing a lot of He metastable atoms in the plasma region. Due to the 
interaction between the edge of the gas plasma and the sample on the metal 
surface, a number of powder particles together with silicon grease are vaporized 
and move into the helium gas plasma region to be effectively dissociated and 
excited through He metastable atoms. Under this condition, the amount of the 
sample being sent into the gas plasma region is almost constant because the He 
gas plasma condition is stable, resulting in good reproducibility of emission 
intensity.  
Figure 6.6 presents how the plasma temperature changes with time for two 
different surrounding gases, one is in nitrogen surrounding gas at 1 atm (red 
curve) and the other is in helium surrounding gas at 1 atm (blue curve).  
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Fig. 6.6 Time profiles of plasma temperature in helium surrounding gas (blue curve) and nitrogen 
surrounding gas (red curve) taken from the copper sulfate powder by using the TEA CO2 
laser-induced gas plasma with the aid of high-vacuum silicon grease as a binder at 1 atmospheric 
pressure. 
 
It is seen that at the initial stage, the plasma temperature for both helium and 
nitrogen gases are the same of approximately 6750 K. However, at the later stage, 
the plasma temperature is significantly different. The plasma temperature was 
derived by the ratio of the emission intensity of Cu I 521.8 nm to that of Cu I 
510.5 nm, with the assumption of Boltzmann’s distribution23. In the case of 
nitrogen gas, the plasma temperature soon decreases with time, while for the 
helium gas case, the plasma temperature is almost constant up to 35 µs. It is 
assumed that for the case of He gas plasma, the excitation process takes place 
through He metastable atoms. When the excitation process takes place through He 
metastable atoms, the plasma temperature is still high at the later stage and keep 
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intensity ratio of 1/19 compared with the maximum intensity observed at 10 µs, 
the plasma temperature is still high of around 5500 K. This is because the 
excitation of Cu atoms happens without achieving the thermal equilibrium, 
namely without satisfying Boltzmann’s distribution as in the case of nitrogen 
surrounding gas. In this case, the ratio of the emission intensities of Cu I 521.8 nm 
and Cu I 510.5 nm is determined by the efficiency of the energy transfer from the 
He metastable atoms state to each excitation level and it has no relation to the 
actual plasma temperature. 
As mentioned in introduction, the analysis of powder available in a tiny 
amount is urgently necessary in some cases including in chemical laboratory. In 
this experiment, a compound powder of titanium hydride was applied as a sample. 
This powder is rather difficult to be distinguished from other metal powder, such 
as iron, due to the same color and the same size. Figure 6.7(a) displays emission 
spectrum taken from titanium hydride powder using the present technique at 
atmospheric pressure of He surrounding gas. It is seen that a series of typical 
neutral lines of Ti can clearly be observed with very low background emission 
intensity. Furthermore, hydrogen emission line contributed from the sample 
strongly appears with very sharp and low background intensity as shown in Fig. 
6.3(b). This result indicated that the atoms are excited through He metastable 
atoms populated in the gas plasma region. When the atoms were excited through 
He metastable atoms, the atomic lines are very narrow in spectral width with very 
low background emission intensity and long lifetime. This is because the 
excitation can proceed in a special condition where the ions and electrons have 
already disappeared due to their recombination. This result clearly demonstrated 
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that this present technique can be used to perform rapid qualitative analysis of 
powder samples available in a tiny amount.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.7 Emission spectra taken from the titanium hydride powder sample at the wavelength region 
of (a) 480-520 nm and (b) 640-680 nm by using the TEA CO2 laser-induced He gas plasma with 
the aid of high-vacuum silicon grease as a binder at 1 atmospheric pressure.  
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Figure 6.8 shows emission spectrum obtained from the phosphorus pentoxide 
powder using the present technique. Strong emission lines of P I 253.5 nm, and P 
I 255.5 nm can clearly be seen together with many lines of silicon (Si) contributed 
from silicon grease. As is known, the phosphor is one of the important atoms 
contained in fertilizer.  
 
 
 
 
 
 
 
 
Fig. 6.8 Emission spectrum taken from the phosphorus pentoxide powder sample by using the 
TEA CO2 laser-induced He gas plasma with the aid of high-vacuum silicon grease as a binder at 1 
atmospheric pressure.  
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was conducted. It is known that F has high excitation energy of 14.5 eV. Figure 
6.9 shows analytical emission spectrum taken from the chemical compound of 
lithium fluoride powder. In the case of atoms with high excitation energy, the best 
gate delay time and gate width of OMA system was found at 2 and 100 µs, 
respectively. It can clearly be observed that typical neutral emission lines of F at 
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the wavelengths of 683.4 nm, 685.6 nm, 687.0 nm, 690.2 nm, and 690.9 nm 
appear with very sharp and narrow spectral width.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.9 Emission spectrum taken from the lithium fluoride powder sample by using the TEA CO2 
laser-induced He gas plasma with the aid of high-vacuum silicon grease as a binder at 1 
atmospheric pressure.  
 
The method described above was adopted for a study of a quantitative 
analysis of soil samples. It is known that the analysis of soil containing hazardous 
elements has become a subject of great interest in Japan. In a conventional LIBS 
technique, the soil sample is most often prepared into a pellet prior to Nd: YAG 
laser irradiation. Based on our experimental results, the insufficient atomization of 
the soil sample still cannot be resolved and this technique is also time consuming. 
In order to examine the applicability of our present technique for rapid 
quantitative analysis of soil, a Kanto loam soil (Japan industrial conventional test 
powder 1 class 1) supplied by Kajima corporation was employed as a sample. 
First, we used the soil containing copper (Cu), which is not poisonous element in 
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environment but is easy to be detected in order to know the analytical 
performance. Figure 6.10 shows a nice linear calibration curve of Cu taken from 
the Kanto loam soil in different concentration. For standardization, the emission 
line of Ti 323.4 nm, which is inherently contained in the soil, was used. 
Non-intercept zero of calibration curve is because the soil sample itself naturally 
contains Cu of approximately 67 mg/kg as confirmed by using the other chemical 
method.     
 
 
 
 
 
 
 
 
 
Fig. 6.10 Calibration curve of Cu contamination in the loam soil sample by using the TEA CO2 
laser-induced He gas plasma with the aid of high-vacuum silicon grease as a binder at 1 
atmospheric pressure.  
 
Extending the successful technique to the analysis of poisonous heavy metal 
in soil, we carried out an analysis of Kanto loam soil contaminated by chromium 
(Cr). The environmental standard required by Japanese government for heavy 
metal pollution in soil is 250 mg/kg for Cr, respectively. Figure 6.11 displays 
emission spectrum taken from the standard Kanto loam soil sample containing 50 
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mg/kg of Cr. It can be seen that the emission lines of Cr I 425.4 nm, Cr I 427.4 
nm, and Cr 428.9 nm clearly appear. The detection limit of Cr was approximately 
4 mg/kg.  
 
 
 
 
 
 
 
 
 
Fig. 6.11 Emission spectrum taken from the Kanto loam soil containing 50 ppm Cr by using the 
TEA CO2 laser-induced He gas plasma with the aid of high-vacuum silicon grease as a binder at 1 
atmospheric pressure.  
 
Using this technique, we also conducted the analysis of Pb in soil sample (Fig. 
6.12). The detection limit of Pb was approximately 13 mg/kg, which is far beyond 
the limit required by the Japanese government environmental standard for Cr and 
Pb pollution in soil. It should be emphasized that the detection limits of hazardous 
elements using this present technique are lower than the case of our technique 
used for soil analysis as reported in our previous paper [166]. This means that the 
dissociation and excitation of atoms in this present technique are much more 
effective than that of our previous technique.  
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Fig. 6.12 Emission spectrum taken from the Kanto loam soil containing 500 ppm Pb by using the 
TEA CO2 laser-induced He gas plasma with the aid of high-vacuum silicon grease as a binder at 1 
atmospheric pressure.   
 
For further exploration of the capability of this technique, experimental 
analyses on samples of commercial products were also carried out. Initially, the 
sample applied in this study was high-purity gold foil sample, which was 
produced by a company in Kanazawa, Japan and commercially available in 
market. This sample is usually used for traditional decoration and sometimes also 
used for therapeutic treatment of a nervous disorder. Presented in Fig 6.13(a) is 
emission spectrum taken from gold foil sample. Very high emission intensity of 
Au I 479.3 nm can clearly be observed with very low background intensity. It is 
known that low-cost gold foils containing silver (Ag) and copper (Cu) as 
impurities is also available in market because the price of high-purity gold foil is 
very expensive [173]. Using this technique, we confirmed that the impurity 
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emission lines of both Ag and Cu in high-purity gold foil are greatly suppressed as 
shown in Fig. 6.13(b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.13 Emission spectra taken from the high-purity gold foil sample at the wavelength region of 
(a) 460-500 nm and (b) 500-560 nm by using the TEA CO2 laser-induced He gas plasma with the 
aid of high-vacuum silicon grease as a binder at 1 atmospheric pressure.  
 
The possibility of extending the previous result to the other commercial 
product was investigated by utilizing shiny and prestigious cosmetic powder, 
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which has nowadays become popular for fragrance body powder in Japan. This 
cosmetic powder was made of synthesized mica containing gold and was 
commercially produced by Technolabo Company, Japan. Using this technique, we 
can easily examine the original cosmetic powder containing gold and its 
imitations (Fig. 6.14).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.14 Emission spectrum taken from the prestigious cosmetic powder containing gold by using 
the TEA CO2 laser-induced He gas plasma with the aid of high-vacuum silicon grease as a binder 
at 1 atmospheric pressure.  
 
The other commercial product applied in this experiment was mineral 
supplement tablet, which is commonly used to support the health of human body. 
Prior to analysis, the tablet was pulverized to be very fine powder particles of 
approximately 30 µm and the fine particles were then homogeneously mixed with 
the silicon grease. Three typical lines of Zn I 328.2 nm, Zn I 330.8 nm, and 334.8 
nm strongly appear with a very narrow spectral width and low background 
intensity as shown in Fig. 6.15(a). The mineral supplement tablet contains rather 
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high concentration of Zn. Furthermore, three typical lines of Cr I 425.4 nm, Cr I 
427.4 nm, Cr I 428.9 nm can clearly be observed as displayed in Fig. 6.15(b). The 
commercial mineral supplement tablet inherently contains Cr of around 50 mg/kg. 
The detection limit of Cr in health supplement tablet sample is estimated to be as 
low as 3 mg/kg.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.15 Emission spectra taken from the commercial mineral supplement tablet at the wavelength 
of (a) 310-350 nm and (b) 400-460 nm by using the TEA CO2 laser-induced He gas plasma with 
the aid of high-vacuum silicon grease as a binder at 1 atmospheric pressure.  
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6.4 Conclusions 
We have demonstrated in this study that rapid quantitative analysis of a tiny 
amount of powder samples can successfully be conducted by using the special 
characteristics of a TEA CO2 laser. The unique method presented in this study 
offers several strong points. Namely, first, the blowing-off of powder sample 
commonly taking place on direct analysis of powder sample can be solved by 
employing the silicon grease homogeneously mixed with the powder sample. 
Second, it should be stressed that the analysis of powder available in a tiny 
amount can readily be carried out without tedious simple pretreatment. Also, any 
kind of elements in material powder can easily be checked by using this present 
technique because only a minute amount of sample is employed. Third, the metal 
subtarget placed in tight contact on the backside of the sample is strongly induced 
high temperature and large He gas plasma, producing a lot of He metastable atoms, 
which functions as an excitation source. This phenomenon never happens for the 
case of Nd: YAG laser where the metal sample itself is ablated. Fourth, the 
dissociation of fine powder particles and the excitation of atoms can optimally be 
realized in the gas plasma region through He metastable atoms. Using this 
technique, a good linear calibration curve was obtained from the Kanto loam soil 
sample containing different concentrations of Cu. The detection limits of Cr and 
Pb are approximately 4 and 13 mg/kg, respectively. Also, we confirmed that this 
technique can be easily applied to check the quality of commercial products such 
as gold foil, precious cosmetics powder, and mineral supplement medicine. It is 
naturally expected this present technique will be widely used for rapid 
semi-quantitative analysis of powder sample available only in a tiny amount.  
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Chapter Seven 
Powder Analysis Using Laser-Induced Gas 
Plasma Spectroscopy 
 
7.1 Direct Analysis of Powder Materials Confined in a Small Hole  
 
7.1.1 Introduction 
Recently, the analysis of powder sample of food materials has become a subject of 
great interest. It is because the food materials contain the primary sources of 
nutrition for human being such as calcium (Ca), sodium (Na), and potassium (K). 
The concentration of such major elements needed for human body depends 
strongly on the age stage of the human being. For example, the need of Ca for 
infants, children, and adults, as recommended by the Institute of Medicine (IOM) 
of the National Academy of Sciences United States of America (USA), is as 
follows: for the age of 0 to 6 months is 210 mg/day, the age of 7 to 12 months is 
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270 mg/day, the age of 1 to 3 years is 500 mg/day, the age of 4 to 8 years is 800 
mg/day, the age of 9 to 13 years is 1300 mg/day, the age of 14 to 18 years is 1300 
mg/day, the age of 19 to 50 years is 1000 mg/day, and for over 50 years is also 
1000 mg/day. Thus, the development of the technique for rapid quantitative 
analysis with high precision to measure the concentration of essential elements for 
nutritional purpose is urgently necessary [174]. Beside that, it is also imperative to 
examine the existence of heavy elements such as chromium (Cr) and lead (Pb), 
which are hazardous for human health and might be accidentally contained in the 
powder food material during industrial process. 
Many studies have been devoted to investigate elements of the food powder 
samples. Generally, the method applied for food powder analysis is Inductively 
Coupled Plasma Atomic Emission Spectrometry (ICP-AES) or Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS). Those methods perform high 
precision and sensitivity in elemental analysis. However, in those methods, the 
samples must first be liquid often being prepared by either wet digestion or dry 
ashing. Thus, the analysis requires delicate sample preparation, labor intensive 
and expensive equipments [174-176].  
Currently, the promising method for quantitative analysis of powder samples 
is Laser Induced Breakdown Spectroscopy (LIBS) [27,120,177-179]. This method 
enables one to carry out rapid and direct analysis without significant time 
consumption. In conventional LIBS technique, a pulsed laser with high peak 
power and short pulse duration such as Nd: YAG laser is mostly employed to 
induce laser plasma at atmospheric pressure. However, due to the short pulse 
duration (8 ns) and high power density (about 10
10
-10
11 
W/cm
2
) of the Nd: YAG 
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laser, the blowing-off occurs when the laser is directly irradiated onto the powder 
sample. Therefore, in this technique, analysis is mostly made after pressing the 
powder sample into a pellet [121,179]. As reported in our previous work [88], in 
order to make a pellet from milk powder sample, the milk powder must be mixed 
with the appropriate material such as KBr powder. By using this method, the error 
might come during the sample pretreatment.  
On the other hand, we have successfully employed a TEA CO2 laser to induce 
plasma on soft samples by placing the metal subtarget behind the samples at 
atmospheric pressure [78,181]. Furthermore, the TEA CO2 laser is also suited to 
powder samples because the wavelength of the TEA CO2 laser is longer than that 
of the Nd: YAG laser, resulting in high absorbance in the powder samples. Also, 
the long pulse of the TEA CO2 laser enables one to produce strong and long life 
laser plasma in which the dissociation of the powder particles and excitation of 
the atoms effectively take place. As a result, plasma generation is induced even 
when we focused the TEA CO2 laser directly on the powder samples. However, 
this method cannot completely overcome the blowing-off inherently taking place 
in the powder samples.  
We have also developed a distinctive technique for direct soil analysis using a 
TEA CO2 laser (750 mJ - 1500 mJ, 200 ns) at atmospheric pressure [166]. In this 
technique, a metal subtarget, structured with intentional microholes on its surface, 
was used to selectively trap the small sized soil particles by immersing the metal 
plate subtarget into a polluted soil sample. By this technique, nice calibration 
curve of poisonous Pb contamination in the soil sample was obtained. However, 
this method cannot be applied for powder analysis of food samples, because the 
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particle size of food samples is rather big (more than 300 μm on average) 
compared to that the soil sample (around 5 μm on average) so that the sample 
cannot be trapped in the microholes. 
Extending the methods described above, we propose a new scheme for food 
powder analysis using TEA CO2 laser; namely the powder samples is placed into 
the small hole and covered by the metal mesh in tight contact on the front side of 
the powder sample. It is assumed that the small hole functions to confine the 
powder particles, while the metal mesh suppresses the blowing-off and works as 
the source of electrons to initiate the strong gas breakdown plasma. The confined 
powder particles are then ablated by irradiating the part of the laser energy passing 
through the metal mesh and sent into the strong breakdown plasma region to be 
atomized and excited. This is the major issue addressed in this study.  
 
7.1.2 Experimental Procedure 
The basic setup applied in this experiment is shown in Fig. 7.1.1 The laser 
employed for radiation source was TEA CO2 laser (Shibuya SQ 2000 laser, pulse 
energy of 3 J, wavelength of 10.6 μm, pulse duration of 200 ns in full width half 
maximum, beam cross section of 3 mm x 3 mm), which was developed and 
commercially produced by Shibuya Company for laser marking. The laser energy 
was fixed at 1.5 J by setting an aperture in the path of laser beam and focused 
through a ZnSe window on a sample using ZnSe lens of 100 mm in focal length. 
The spot size of laser beam for the tight focusing condition was 1 mm x 1 mm, 
which results in a power density of 0.75 GW/m
2
.    
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Fig. 7.1.1 Experimental setup used in this study 
 
The samples were placed in a metal chamber with dimensions of 12 cm x 12 
cm x 12 cm, which was filled with high-purity nitrogen gas (99.999%). In this 
experiment, the pressure of the surrounding gas in the chamber was set at 1 
atmosphere. The flowing rate of gas was 3 liters per minute (Lpm). It should be 
mentioned that the gas flowing is required in this experiment, otherwise gas 
breakdown takes place in front of the metal mesh due to the interaction between 
dust and TEA CO2 laser beam. 
Initially, the prepared samples, namely rice seed sample and powdered rice 
sample, were contained in a plastic vessels with dimensions of 40 mm in diameter 
and 11 in depth as depicted in Fig. 7.1.2(a) and 2(b), respectively. In order to 
suppress the blowing-off effect and induce a strong gas breakdown plasma during 
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the analysis, a metal mesh made of stainless steel wires (lattice constants of 0.4 
mm and the wires of 0.1 mm in diameter) was placed in tight contact on the front 
side of the powder samples. It should be stressed that the metal mesh itself is 
never damaged and ablated during the laser irradiations because the power density 
of the laser beam impinging on the metal mesh is lower than the ablation 
threshold of the metal mesh due to the fact that most part of laser energy is 
absorbed by the strong gas breakdown plasma (plasma shielding effect).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.1.2 Illustration of sample holder in metal mesh-induced gas plasma method for analyzing 
(a) rice seed, (b) rice powder, (c) powder samples confined in the hole 
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In order to make a quantitative analysis with high precision on milk powder 
samples, a new sample holder was designed. The sample holder was made of an 
aluminum plate with a diameter of 40 mm and a thickness of 3.50 mm. A small 
hole (a diameter of 2 mm and a depth of 3 mm) placed in the center of the 
aluminum plate was used as a container of the powder samples as displayed in Fig. 
7.1.2(c). In this experiment, we used commercial milk powders, in which Ca 
concentration was described. Prior to laser irradiation, the milk powder sample 
was baked in an oven at a constant temperature of 170
0
 C for 20 minutes. The 
minute amount of the sample (about 0.01 g) was then placed into the prepared 
hole and slightly pressed by a metal stick with a diameter of 2 mm to gain a force 
about 25 N. In this case, the metal mesh was also employed to cover the milk 
powder sample. 
The plasma emission spectrum was obtained by detecting laser plasma 
radiation using optical multi channel analyzer (OMA) system (ATAGO Macs-320) 
consisting of a 0.32 m focal-length spectrograph with a grating of 1200 
groves/mm, a 1024-channel photodiode detector array, and a micro-channel plate 
image intensifier. The spectral resolution of the OMA system is 0.2 nm. The light 
emitted from the laser plasma was collected by an optical fiber (θ= 270 in solid 
angle) and fed into the OMA system. One end of the fiber was placed at 15 cm 
distance from the focusing point of the laser light and set perpendicularly to the 
path of laser beam. Another OMA system with an intensified charge-coupled 
device (CCD) (Lambda vision LVICCD 1012), which has high spectral resolution 
of 0.02 nm, was also used in this experiment. Both OMA systems were set in 
time-integrated mode for with exposure time of 2 sec  
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7.1.3 Results and Discussion 
As described in the introduction, one of the main difficulties in the analysis of the 
powder samples is the occurrence of serious blowing-off. To solve this problem, 
in this present study, the metal mesh was applied to cover the analyzed powder 
samples as illustrated in Fig. 7.1.2. The use of the metal mesh plays some 
important roles. First, it suppresses serious blowing-off commonly taking place in 
the powder sample. Second, the metal mesh placed on the front side of the powder 
sample induces a strong gas breakdown plasma under the TEA CO2 laser 
irradiation. It should be mentioned that when the metal mesh was not used during 
the analysis, the blowing-off took place seriously resulting in very weak plasma 
emission.  
Initially, a comparative study was made using rice seed sample and powdered 
rice sample. In the experiments, the TEA CO2 laser was directly focused on the 
sample surface passing through the metal mesh covering the samples under N2 
surrounding gas at atmospheric pressure. Figure 7.1.2(a) is the case when the TEA 
CO2 laser was focused on the rice seed sample, while Fig. 7.1.2(b) for the case of 
powdered rice sample.  
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Fig. 7.1.3 Emission spectra taken from mesh-induced gas plasma produced by the CO2 laser 
irradiation on (a) seed rice, (b) powdered rice, at atmospheric pressure of nitrogen surrounding 
gas 
 
Figure 7.1.3(a) displays the emission spectrum taken from the seed rice. Two 
calcium emission lines of Ca (II) 393.3 nm and Ca (II) 396.8 nm were detected 
along with the weak emission lines of Al (I) 394.4 nm and Al (I) 396.1 nm. In 
contrast to this, when the rice was crushed to be small sized powders with particle 
size of around 30 m on average, the emission line intensities of both Al and Ca 
significantly increased compared to the case for the seed rice sample as presented 
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in Fig. 7.1.3(b). It is hypothesized that in the case of the powdered rice sample, 
the sample is ablated in the form of a lot of fine particles and sent into the high 
temperature gas breakdown plasma region. The fine particles are easily atomized 
and excited in the high temperature gas plasma region. On the other hand, in the 
case of rice seed sample, the ablation process is the same as the case for the solid 
samples, such as glass or ceramic, namely the sample is ablated in the form of 
atoms. The ablated atoms from the seed sample surface move into the gas 
breakdown plasma region and are excited. In this case, the amount of excited 
atoms is much lower compared to the case of the powdered rice sample. It should 
be noted that in this experimental scheme, we only can detect the plasma emission 
taking place in the gas breakdown plasma region because the metal mesh shaded 
the plasma emission generated behind the metal mesh. It should be stressed that 
the spectra obtained from the experiments were free from being contaminated the 
metal mesh material. This is a specific phenomenon observed for TEA CO2 laser 
irradiation. Namely when a TEA CO2 laser is focused on the metal surface at 1 
atmosphere, the strong gas breakdown plasma takes place above the metal surface 
and most part of the laser energy of TEA CO2 laser is absorbed by the gas 
breakdown plasma (plasma shielding effect), resulting in no damage on the metal 
surface. It was confirmed that the temperature and the shape of the metal 
mesh-induced plasma are rather constant. This phenomenon never occurs when 
Nd: YAG laser is applied instead of TEA CO2 laser. In the case of Nd: YAG laser, 
the metal mesh is easily damaged and ablated because the plasma shielding effect 
takes place weakly compared to the case of TEA CO2 laser.  
In order to examine the ability of this technique, a quantitative analysis of 
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milk powder sample was conducted. Prior to the experiment, the sample was 
baked in an oven at constant temperature of 170
0
 C for 20 minutes to remove the 
water molecule from the milk powder samples. As well known, Ca is a host 
element contained in the milk powder and essential to support the bone strength of 
human being. For this study, the emission line intensities of Ca, which is 
inherently contained in the milk powder, were observed. However, it should be 
mentioned that the Ca emission lines intensities fluctuate so much when the TEA 
CO2 laser was directly focused on the powder sample surface with different 
positions passing through the metal mesh [Fig. 7.1.2(a)]. As a result, the linear 
calibration curve could not be obtained. This is probably due to the fact that 
ablation amount of the powder particles fluctuate with different positions; in fact, 
we noticed that the crater created in the different position had different size in 
diameter and depth. It is considered that when the amounts of ablated fine 
particles entering in the gas breakdown plasma vary enormously, the plasma 
temperature changes remarkably.  
In order to solve the problem described above, a novel design of sample 
holder was developed as depicted in Fig. 7.1.2(c). In this technique, the minute 
amount of the milk powder sample (0.01 g) was placed with tight compression in 
a small hole (a diameter of 2 mm and a depth of 3 mm). It should be mentioned 
that in this case, the metal mesh was also applied for suppressing blowing-off and 
inducing a strong gas breakdown plasma. Figure 7.1.4 shows an example of the 
emission spectrum using the novel sample holder described above. In this 
experiment, we used milk powder containing 680 mg of Ca as the sample and the 
TEA CO2 laser was focused at the centre of the hole. The emission was spectrally 
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characterized in the wavelength region 350-430 nm. Sharp doublet emission lines 
of Ca (II) 393.3 nm and Ca (II) 396.8 nm were clearly observed. On the other 
hand, a broaden band responsible for the emission line of C-H cluster also appears 
[181]. Besides the host emission lines contained in the milk powder, the spectrum 
also displays the ionic emission line of nitrogen coming from the surrounding gas. 
This is supported by another experiment in which helium was used in place of the 
nitrogen surrounding gas, namely no emission of this line was observed under 
helium surrounding gas.  
 
Fig. 7.1.4 Emission spectrum taken from mesh-induced gas plasma produced by the CO2 laser 
irradiation on milk powder containing 680 mg Ca placed in a hole with a diameter of 2 mm and a 
depth of 3 mm at atmospheric pressure of nitrogen surrounding gas 
 
Prior to the quantitative analysis, the novel method was confirmed on the 
reproducibility of emission lines of host elements contained in the milk powder 
sample with respect to the number of laser shots. To this end, the emission spectra 
were repeatedly taken every 20 shots using the milk powder sample containing 
560 mg of Ca. Figure 7.1.5 displays the emission intensities of Ca and C-H cluster 
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as the function of the number of laser shots. It is shown that both intensities of Ca 
and C-H cluster are constant up to 60 shots and then decrease slowly. This fact 
indicates that the small hole functions well to confine the powder particles and the 
amount of ablated particles being sent into the metal mesh induced plasma can be 
controlled well. Also, Fig. 7.1.5 displays that the ratio between the emission 
intensity of Ca and that of C-H cluster is almost constant even though the 
emission intensities of Ca and C-H cluster change. It is also seen that the curve 
profile for N II 399.5 nm emission line is similar to those of the Ca II 393.3 nm 
and C-H cluster emission.  
 
Figure 7.1.5 Emission intensity of Ca, C-H cluster, and N corresponding to number of laser shots 
taken from the milk powders containing 560 mg of Ca placed in a hole with a diameter of 2 mm 
and a depth of 3 mm at atmospheric pressure of nitrogen surrounding gas 
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concentrations of Ca.  
 
 
 
 
 
 
 
 
Fig. 7.1.6 Calibration curve of Ca contained in the milk powders placed in a hole with a diameter 
of 2 mm and a depth of 3 mm at atmospheric pressure of nitrogen surrounding gas 
 
Figure 7.1.6 shows the calibration curve obtained from the milk powder sample. 
In order to make high precision analysis, standardization method was employed 
using the emission intensity of C-H cluster. Each data plotted in the calibration 
curve is average of five spectra. Each spectra was taken by 20 shots laser 
irradiation and the data acquisition was repeated five times under the condition 
that the laser beam was focused at the center of the surface of the hole passing 
through the metal mesh. It is clearly seen that there is a good linear relationship 
between the emission intensity of Ca and its concentration in the milk powders. It 
should be noted that the standard deviation was very low to be about 4.5 %. 
Therefore, this technique will be applied to the practical quantitative analysis of 
milk powders in the production factory.  
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7.1.4 Conclusions 
We have shown in this work that direct analysis of powder sample can be 
successfully carried out when a TEA CO2 laser was focused on the powder sample 
surface passing through a metal mesh. The metal mesh plays important role in the 
generation of a strong and large gas breakdown plasma. It has been demonstrated 
that the mechanism of the atomization and the excitation is quite different from 
that in the ordinary LIBS technique. In the present technique, a lot of fine powder 
particles are ablated during the laser irradiation and enter into the strong gas 
breakdown plasma induced by the metal mesh to be atomized and excited, while 
in the ordinary LIBS technique, the atomization takes place just on the sample 
surface by the laser bombardment. Therefore, the total amount of atoms excited in 
the gas breakdown plasma is much higher compared to that in the case of ordinary 
LIBS. In order to make quantitative analysis with high precision, a unique 
technique has been developed, namely powder samples were contained in the 
small hole (a diameter of 2 mm and a depth of 3 mm) and covered by the metal 
mesh and the TEA CO2 laser was focused at the center of the small hole. It should 
be mentioned that the analysis could be successfully conducted using tiny amount 
of powder samples. By this method, the good linear calibration curve with low 
standard deviation of powder sample was obtained from the milk powder samples. 
Further study will be carried out using gating OMA system which will surely 
brings much more high sensitive analysis because the background of the spectrum 
can be significantly suppressed compared to the case for non gating method which 
was used in this experiment. Finally, this technique will realize the rapid 
quantitative analysis of food powders with high precision and high sensitive. 
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7.2 Analysis of Organic Powder Sample by Using the Metal- 
Assisted Subtarget Effect 
 
7.2.1 Introduction 
It is well known that a herb medicine powder sample contains minerals, which are 
strongly beneficial to prevent and treat various ailments in the human body [182].
 
In the herb medicine, a combination of minerals produces a medical effect. Thus, 
the actual mineral concentrations should be quantitatively analyzed during the 
production process in real time. Also, it is necessary to examine the existence of 
poisonous heavy metals, such as chromium (Cr) and lead (Pb) [183],
 
which are 
hazardous and might have entered the herb during the growth of the herb plant.
 
To 
this end, an innovative technique for realizing a rapid quantitative analysis of a 
herb sample is urgently required.  
Currently, the most promising method for a rapid quantitative analysis is 
laser-induced breakdown spectroscopy (LIBS) [184].  In this method, the 
vaporization, atomization, and excitation processes take place at the same time 
due to a single treatment of laser irradiation. However, a little work has been 
devoted to the application of LIBS for the analysis of organic powder samples, 
such as herb medicines. This might be due to the following two reasons: First, 
even though the powder samples are commonly pressed into pellets in order to 
avoid the blowing-off of the samples, the samples are still not as hard as the other 
solid samples, such as glass or ceramic. Therefore, a strong shock wave, which is 
necessary to induce a high-temperature plasma, cannot be produced due to the 
lack of repulsion forces on the sample surface. As a result, the atomic emission 
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intensity of the plasma is rather weak, as reported in our previous work, for the 
case of ordinary LIBS using Nd-YAG laser [172]. The other reason is probably 
that the atomization of the sample cannot proceed well because in ordinary LIBS 
using a Nd:YAG laser, the sample is most often ablated in the form of fine 
particles, and those particles have a little chance to be atomized in the plasma 
region due to the fact that the laser plasma is small in size and short in life when a 
Nd:YAG laser is used as the energy source of plasma generation.   
On the other hand, we have found that a direct analysis of an organic powder 
sample can be made by utilizing the specific characteristics of a TEA CO2 laser. 
The TEA CO2 laser is longer in wavelength and in pulse duration compared to the 
Nd:YAG laser. Thus, the TEA CO2 laser is suitable to the analysis of powder 
samples. In the study, a milk powder sample was placed into a small hole in a 
metal plate and covered with a metal mesh. The TEA CO2 laser was then focused 
on the powder surfaces through the metal mesh. However, the sensitivity of the 
elemental result was rather low, namely, the Ca emission line was rather weak in 
comparison with the line of the C-H molecular band; nevertheless, the milk 
sample contained a high concentration of Ca (0.1-0.7%), which means that the 
atomization of the sample still did not proceed well. Therefore, this technique 
cannot be employed for a quantitative analysis of minerals and hazard materials at 
low concentration in the organic powder samples.                                                                                                                                                                                                                                                                                                                                                         
In order to solve this problem, we offer a novel and unique method by 
utilizing a strong He gas plasma induced by the “Subtarget effect”, which is 
specially takes place only for the case of a TEA CO2 laser. We have confirmed 
that this technique can successfully be applied to a rapid quantitative and highly 
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sensitive analysis of organic powder samples, such as herb medicines. 
 
7.2.2 Experimental Procedure 
The basic experimental setup applied in this work is similar to that used in Fig. 
7.1.1. A TEA CO2 laser (Shibuya SQ 2000, pulse energy of 3 J, wavelength of 
10.6 µm, pulse duration of 200 ns in full width of half maximum, beam cross 
section of 3 mm x 3 mm), which was constructed by Shibuya Company for laser 
marking, was employed in this study. The laser beam was focused by a ZnSe lens 
(f = 200 mm) onto a target sample through a ZnSe window. The laser energy was 
varied from 1 J to 1.5 J by inserting an aperture in the front of the focusing lens. 
The spot size of the laser beam on the sample surface was 2 mm x 2 mm, which 
results in an irradiance of 0.18 GW/cm
2
 for an energy of 1.5 J.  
The sample was placed in a metal chamber with dimensions of 12 cm x 12 cm 
x 12 cm. During the experiment, high-purity helium gas (99.999999%) was 
flowed into the metal chamber, in which the pressure of the surrounding gas was 
kept constant at 1 atmosphere. The flow rate of the gas was 4 liters per minute 
(Lpm).  
The sample used in this study was a herb medicine powder sample (Tsumura 
kackontou), which is available in markets in Japan. Prior to the analysis, 1.5 g of 
medicine powder sample was mixed with a little water (about 0.2 cc), and the 
sample was kneaded so that it became a little sticky. The sample was then placed 
into a hole (diameter of 8 mm) that had been made at the center of a piece of black 
acrylic (dimensions of 20 mm x 20 mm x 2 mm), and sandwiched by metal Cu 
plates a and b, as illustrated in Fig. 7.2.1(a), where the Cu plate a has a hole 
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(diameter of 2.5 mm). The Cu plate a functions to suppress the blowing-off of the 
sample, and the Cu plate b serves as a subtarget to initiate a strong He gas plasma.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.2.1. Illustration of the sample holder used in this study (a) before TEA CO2 laser irradiation, 
and (b) after certain shots of successive laser irradiation. (c) Photograph of a hole produced in the 
herb medicine sample; the black acrylic holder and Cu plate a were removed. 
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For a quantitative analysis of poisonous heavy metals in the herb medicine 
samples, the herb powders containing various concentrations of Pb and Cr were 
prepared. The herb medicine samples were intentionally polluted by mixing them 
with chemical powders containing heavy metals, namely, PbCl2 and K2Cr2O7. For 
example, in order to make the herb powder sample containing Pb, the herb 
powder sample was mixed with a solution of PbCl2. In order to make a 
homogeneous mixture, water was then added to the mixed herb medicine. It 
should be noted that a careful attention had to be paid to assure that the solution of 
PbCl2 was homogeneously mixed into the herb medicine. The mixture sample was 
then put into a black acrylic hole by using the same procedure as described above.    
The emission spectrum was obtained by using optical multi channel analyzer 
(OMA) system (ATAGO Macs-320) consisting of a 0.32 m focal-length 
spectrograph with a grating of 1200 groves/mm, a 1024-channel photodiode 
detector array, and a micro-channel plate image intensifier to detect the laser 
plasma radiation. The spectral resolution of the OMA system is 0.2 nm. The light 
emission of the laser plasma was collected by using an optical fiber (27
0
 in solid 
angle), which fed into the OMA system. One end of the fiber was placed at a 
distance of 1 cm from the focusing point of the laser light and set perpendicularly 
to the path of the laser beam. For a highly-sensitive analysis of the poisonous 
hazard element, the analysis was made using a high-resolution monochromator 
(Jobin-Ybon HRS-2, f= 640 mm, 2400/mm, spectral resolution of 0.02 nm) 
attached to an OMA system (Lambda vision LVICCD 1012). The plasma radiation 
at 5 mm from the sample surface was imaged in a ratio of 1:1 onto the entrance 
slit of the monochromator by using a quartz lens (f= 70 mm). The slit width and 
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the slit height of the monochromator were set at 20 µm and 1 mm, respectively.    
 
7.2.3 Results and Discussion 
It has been reported in a previous work that a direct analysis of powder samples 
can be conducted using a TEA CO2 laser-induced metal-mesh-assisted gas plasma 
[164]. In the study, the powders were plugged into a small hole (diameter of 2 mm 
and depth of 3 mm) and covered by a metal mesh. The small hole was used to 
confine the powder particles in order to avoid the blowing-off of the sample, and 
the metal mesh was employed as a source of electrons to initiate gas breakdown. 
When the TEA CO2 laser was directly focused on the powder surfaces, having 
passed through the metal mesh, the confined powder particles were ablated and 
moved into the gas plasma region to be dissociated and excited. Using this method, 
a linear calibration curve of Ca was obtained with a zero intercept. However, we 
noticed that the sensitivity of the Ca analysis was rather low in comparison with 
that of the C-H molecular band; nevertheless the milk powder sample contained a 
high concentration of Ca (6800 mg/kg), while the emission intensity of the C-H 
molecular band strongly appeared near the Ca atomic lines. This result indicated 
that the fine powder particles being sent into the gas plasma were not dissociated 
and atomized well. Namely, a strong, and high-temperature gas plasma cannot be 
produced in the metal mesh-induced gas plasma.  
By careful consideration, we noticed that some important points should be 
satisfied for a highly sensitive analysis of organic powder samples. First, a 
high-temperature gas plasma with a large heat capacity and long lifetime should 
be generated. Second, the fine particles of the powder sample should be sent into 
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the high-temperature plasma region and kept in the region for a while so that the 
dissociation and atomization of the sample proceed well. Third, the amount of the 
sample sent into the high-temperature gas plasma region should be suitable 
because if the amount of the sample is too much, the plasma temperature will 
decrease, and the dissociation will not effectively take place.  
Considering these important points, we developed a novel and sophisticated 
technique for the highly sensitive analysis of organic powder samples utilizing the 
specific characteristics of a TEA CO2 laser. Figure 7.2.1(a) illustrates a 
cross-sectional view of the sample holder employed in this study. The sample with 
a disk-shape was sandwiched by two metal plates (Cu plates). The Cu plate a, 
which has a hole (2.5 mm in diameter), functions to suppress the blowing-off of 
the sample, and the Cu plate b serves as a metal subtarget to induce a 
high-temperature gas plasma after a certain number of shots of laser irradiation. 
The experiment was conducted under a He surrounding gas at a pressure of 1 
atmosphere. When the TEA CO2 laser (1 J, 200 ns) was directly focused on the 
sample surface through the hole of Cu plate a, the depth of the crater created 
inside the sample gradually increased; finally, the laser beam impinged on the 
metal subtarget (Cu plate b). Thus, a hole in the form of a circular pole (2.5 mm in 
diameter and 2 mm in depth) was produced inside the sample, as illustrated in Fig. 
7.2.1(b). Figure 7.2.1(c) shows the hole produced in the herb medicine sample by 
repeated laser irradiation. In this photograph, the black acrylic holder and Cu plate 
a were removed. It should be mentioned that once the hole inside the sample was 
completed so that the laser beam directly attacked on the metal subtarget, a strong 
metal-assisted gas plasma was produced and confined inside the hole, while the 
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metal itself was never damaged and ablated. This is the specific phenomenon 
taking place for the case of TEA CO2 laser irradiation. The confined 
metal-assisted gas plasma propagates in the hole, and after arriving at the exit of 
the hole, it expands forward to form a hemispherical gas plasma, namely the 
produced plasma consists of two different regions, the “hole plasma region” and 
the “hemispherical plasma region”. It is assumed that in the hole region, the 
temperature and the density of the confined gas plasma are very high. Thus, a lot 
of helium atoms are highly ionized. Also, during the propagations of the gas 
plasma in the hole, the fine particles of the powder samples are considerably 
vaporized due to the interaction between the gas plasma and the wall surface of 
the powder sample. It is naturally supposed that under this condition, the 
dissociation and atomization of the fine particles proceed well because the 
temperature of the gas plasma is very high with a sufficiently high heat capacity. 
The gas plasma starts to expand to form a hemispherical plasma when the plasma 
comes to the exit of the hole. During the expansion process, a lot of the helium 
metastable atoms are produced by the recombination of helium ions and electrons 
and populated in the hemispherical plasma region. Thus, the excitation of the 
atoms takes place through the helium metastable atoms. We have proven that 
when the atoms are excited through the helium metastable atoms, the spectrum 
background becomes significantly low level and the emission life is rather long, 
which results in the realization of a highly sensitive analysis. 
 142 
 
 
Fig.7.2.2 Emission intensity of Ca and C-H molecular band corresponding to the number of laser 
shots taken from the herb medicine powder sample by using the metal-assisted subtarget effect in a 
TEA CO2 laser-induced He gas plasma at a pressure of 1 atmosphere.  
 
It should be mentioned that under our experimental conditions, a strong gas 
plasma appears after a certain number of shots of laser irradiation when the metal 
subtarget effect becomes predominant. The use of the metal subtarget to induce a 
high-temperature gas plasma is a crucial point for conducting a spectrochemical 
analysis on the organic powder sample. The effect of the metal subtarget is clearly 
demonstrated in Fig. 7.2.2, where the emission line of Ca and that of the C-H 
molecular band are plotted as the functions of the number of laser shots. It is seen 
that at the initial stage, the emission intensities of the Ca and the C-H molecular 
band are significantly weak. This is probably because the plasma temperature is 
rather low due to the lack of a repulsion force on the soft sample surface. After 40 
laser shots, the Ca emission intensity sharply increases and attains a maximum at 
60 shots. It is assumed that at 60 shots of laser irradiation, the hole of the circular 
pole inside the sample is completed. Thus, two plasma regions, namely, the hole 
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plasma region and the hemispherical plasma region, as described above, are 
successively reproduced. In this stage, the hole plasma always interacts with the 
wall surface of the sample, and a suitable number of the fine powder particles are 
vaporized to be dissociated and atomized in the hole plasma region under repeated 
laser irradiation. The atoms then move to the hemispherical plasma region to be 
excited through He metastable atoms. The amount of the sample being sent into 
the hemispherical plasma region is almost constant because a stable condition of 
the plasma is established.  
 
 
 
 
 
 
 
 
Fig.7.2.3 Emission spectrum taken from the herb medicine powder sample by using the 
metal-assisted subtarget effect in a TEA CO2 laser-induced He gas plasma at a pressure of 1 
atmosphere. 
 
Figure 7.2.3 displays the emission spectrum taken from the herb medicine 
sample using a 20-laser-shots accumulation after 60 shot of laser pre-irradiation. 
The gating function of the OMA system was set at 10-100 µs. It is seen that the 
strong emission lines of Ca II, 393.3 nm and 396.8 nm, clearly appears with a low 
background intensity. It should be noticed that the intensity of the C-H molecular 
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band is negligibly weak compared to that of the Ca line. This is an evidence that 
the dissociation of fine powder particles using this present method is significantly 
improved compared to the metal mesh-induced gas plasma method used in a 
previous work [164]. Also, it is seen that the typical doublet of Al I, 394.4 nm and 
396.1 nm, can be faintly detected, which implies that the herb medicine sample 
contains aluminum at a low-concentration level. Some other lines, including small 
broadened emission lines, are unidentified in this stage. 
For further exploration of the capability of this technique, an analysis of a 
poisonous-heavy-metal-contaminated herb medicine sample was made. To this 
end, the herb medicine polluted by 250 mg/kg of Cr was used as a sample. The 
sample is much softer and a little wet compared to the case of the pure herb 
medicine sample. Thus, in order to hasten the drying of the sample, the TEA CO2 
laser energy was set at 1.5 J. It should be mentioned that after 480 shots, the ratio 
between the emission intensity of Cr and that of the Ca was almost constant. Also, 
the hole in the form of a circular pole was completed, and the sample near the hole 
sufficiently had dried out.  
Figure 7.2.4 shows the emission spectrum taken from the herb medicine 
sample containing 250 mg/kg of Cr after 480 shots of laser pre-irradiation. The 
typical three lines of Cr I, 425.4 nm, 427.4 nm, and 428.9 nm, clearly appear with 
an extremely low background intensity. Also, the mineral element of Fe I, 428.2 
nm, which is usually contained in the herb medicines at several tens mg/kg, can 
clearly be detected. It should be mentioned that in a preliminary experiment using 
the OMA system with time-gated light collection, the emission lifetime of the 
plasma was very long, and the optimum spectrum was obtained using a gating 
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function of the OMA from 30 µs to 600 µs. Therefore, we believe that the 
excitation process takes place through helium metastable atoms in the 
hemispherical plasma region.  
 
Fig.7.2.4 Emission spectrum taken from the herb medicine powder sample containing 250 mg/kg 
of Cr by using the metal-assisted subtarget effect in a TEA CO2 laser-induced He gas plasma at a 
pressure of 1 atmosphere. 
 
When the excitation process of atoms takes place through He metastable atoms, 
the emission line is very sharp, and the background spectrum is very low because 
the excitation of atoms can proceed at a later stage of the He gas plasma life, when 
ions and electrons have already disappeared due to their recombination. This 
mechanism is completely different with the ordinary LIBS method, which most 
often employs a Nd:YAG laser as an energy source. In ordinary LIBS, the 
excitation of atoms is basically due to the thermal excitation in a high-temperature 
plasma. Under such a condition, the background spectrum is always relatively 
high, because ions and electrons, which are the sources of background spectrum 
emission, always exist in the plasma. The detection limit of Cr in the herb 
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medicine powder sample was estimated to be around 1 mg/kg; the detection limit 
was derived by calculating what concentration of the signal yielded 3 times of the 
noise level is because the 3 times of the noise is clearly identified as a signal that 
can be distinguished from the noise [39].   
 
Fig.7.2.5 Calibration curve of Cr contamination in the herb medicine powder sample by using the 
metal-assisted subtarget effect in a TEA CO2 laser-induced He gas plasma at a pressure of 1 
atmosphere. 
 
The method described above was adopted for a study of a quantitative 
analysis of the herb medicine samples containing Cr in different concentrations. 
Taking advantages of the fact that the ratio intensity between Cr I 425.4 nm and 
Ca I 422.6 nm is almost constant, as described above, the Ca emission line was 
employed as a standard. An excellent linear calibration curve with a zero intercept 
was successfully made for the herb medicine powder sample, as presented in Fig. 
7.2.5.  
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Fig.7.2.6 Emission spectrum taken from the herb medicine powder sample containing 100 mg/kg 
of Pb by using the metal-assisted subtarget effect in a TEA CO2 laser-induced He gas plasma at a 
pressure of 1 atmosphere. 
 
Extending the successful technique to the analysis of poisonous heavy 
metal, we carried out an analysis of Pb-contaminated herb-medicine powder 
samples. Figure 7.2.6 displays the spectral emission in the wavelength region 
from 400 nm to 410 nm taken from a herb medicine sample containing 100 mg/kg 
of Pb. The emission line of Pb I 405.8 nm with a very low background can clearly 
be seen along with the K I, 404.4 nm line. Potassium is one of the major elements 
in the herb medicine powder samples. Other atomic lines, together with a 
broadened band emission, were unidentified. The detection limit of Pb was around 
5 mg/kg.  
 
7.2.4 Conclusions 
In this study, we made a unique He gas plasma as a light source for analysis of 
organic powder samples. In order to produce such a plasma, a TEA CO2 laser was 
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focused onto a metal subtarget (Cu plate) passing through a hole in the form of 
circular pole, which is produced inside the powder sample, while the metal 
subtarget is never damaged and ablated. The gas plasma consists of two plasma 
region, namely, a hole plasma region and a hemispherical plasma region. It is 
assumed that in the hole plasma region, a strong gas plasma with a high 
temperature is induced, and a lot of helium atoms are ionized. Under this 
condition, the fine particles of the powder sample are effectively vaporized to be 
dissociated and atomized due to the interaction between the wall surfaces of the 
sample and the high-temperature gas plasma. In the hemispherical region, many 
helium metastable atoms are produced because of a recombination of He ions and 
electrons. In this region, the atoms are excited through helium metastable atoms, 
resulting in a sharp atomic emission line and a very low background intensity.  
Using the present technique, a quantitative analysis of herb medicine was 
made. An excellent linear calibration curve with zero intercept was obtained for 
the herb samples containing different concentrations of Cr. The detection limits of 
poisonous heavy metals of Cr and Pb were about 1 mg/kg and 5 mg/kg, 
respectively. Although further study is required, this method has high prospect to 
be applied to checking the concentrations of poisonous heavy metals contained in 
the organic powder samples such as herb medicine powders, in production 
factories because the sample preparation is not complicated and the analysis can 
be carried automatically using the machine in the production line. On the other 
hand, in the ordinary LIBS technique, the sample must always be mixed with a 
binder to make a hard pellet for the organic sample case. In such a case, the 
technique cannot be directly applied using the    
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7.3 Analysis of Powder Sample by Using the Metal Mesh and 
Metal-Assisted Subtarget Effect 
 
7.3.1 Introduction 
It is known that some powder samples, such as food materials and health 
supplements, contain minerals, which are necessary for human health. Thus, there 
is an urgent need to carry out analyses of these powders during the production 
process. Furthermore, it has recently been found that herbal medicine samples 
contain poisonous heavy metals such as chromium (Cr),
 
which may be included in 
samples during the growth of the plant, due to the contamination of environmental 
pollutants in soils, such as those from industrial and traffic emissions [185]. 
Therefore, there is an urgent need to develop a technique for realizing a rapid 
quantitative analysis of such powder samples with high precision and high 
sensitivity. 
The feasibility of using laser-induced breakdown spectroscopy (LIBS) for 
quantitative analyses has directed this technique to be applied to various types of 
samples including solids, liquids, and gases [135]. However, there has been little 
work carried out on the quantitative analysis of powder samples using 
conventional LIBS technique. This is due to the blowing-off of the sample when 
the Nd:YAG laser, which is commonly employed as an energy source, was 
directly focused on the sample. In order to solve this problem, the sample is 
usually pressed into a pellet. However, although the powder samples are prepared 
in the form of pellet, the sample is still not as hard as other solid samples, such as 
ceramic ones. Thus, a strong shock wave, which is necessary to induce high 
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temperature plasma [83], cannot be produced due to the lack of repulsion force on 
the sample surface, resulting in a low intensity of plasma emission.  
In contrast to the technique described above, we have successfully employed 
a transversely excited atmospheric (TEA) CO2 laser to conduct a direct analysis of 
an organic powder sample [164]. The TEA CO2 laser is suitable for the analysis of 
powder samples because the wavelength and the pulse duration of the TEA CO2 
laser are longer compared to those of the Nd:YAG laser. In the study, a milk 
powder sample was placed into a small hole of the metal plate and covered with a 
metal mesh. However, we noticed that the sensitivity of elemental result was still 
low, namely the emission line of Ca was rather weak relative to the line of the 
C-H molecular band. This means that the sample is still not fully atomized. Thus, 
this technique cannot be applied to the quantitative analysis of poisonous 
materials at low concentrations in organic powder samples. In order to overcome 
the problem above, we propose a unique technique utilizing a strong and 
high-temperature gas breakdown plasma induced by a metal mesh placed in tight 
contact with the powder sample and enhanced using a metal subtarget effect, 
which in particular only takes place in the case of the TEA CO2 laser. 
 
7.3.2 Experimental Procedure 
A schematic diagram of the experimental procedure used in this study is similar to 
that used in Fig. 7.1.1. A TEA CO2 laser (Shibuya SQ 2000, energy of 3 J, 
wavelength of 10.6 µm, pulse duration of 200 ns) was employed as an energy 
source. The laser beam was focused by a ZnSe lens (f = 200 mm) onto a sample 
surface through a ZnSe window. The laser energy was fixed at 1.5 J by setting an 
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aperture in the path of laser beam. The spot size of the laser beam in the sample 
surface was 2 mm x 2 mm, which resulted in a power density of 0.18 GW/cm
2
 for 
energy of 1.5 J. The samples employed in this study were several kinds of 
supplement tablets (Zn supplements and mineral supplements) and herb medicine 
powder (Tsumura kackontou), which are commercially available in the Japanese 
market. Prior to the analysis, 1.8 g of powder sample was mixed with a small 
amount of water (about 0.2 ml) and the sample was kneaded so that it became a 
little sticky. The sample was then put into a hole (diameter of 8 mm and depth of 2 
mm), as shown in Fig. 7.3.1. A metal mesh made of stainless steel wires (lattice 
constant of 0.4 mm and wires of 0.1 mm in diameter) was placed in tight contact 
with the front side of the samples, in order to suppress the blowing-off effect and 
to induce a strong gas breakdown plasma. A metal Cu plate was attached to the 
bottom of the acrylic plate to serve as a subtarget and enhance a strong gas 
breakdown plasma induced by the metal mesh. During the study, the samples were 
placed in a metal chamber with dimensions of 12 cm x 12 cm x 12 cm under 
atmospheric pressure of air. 
 
 
 
 
 
 
 
Fig. 7.3.1 Illustration of sample holder used in this study with TEA CO2 laser irradiation 
TEA CO2 laser 
Gas plasma 
Metal mesh 
Hole  
2 mm 
Sample 
8 mm 
 
Metal subtarget 
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Herb samples containing different concentrations of Zn were used for the 
quantitative analysis. In this study, the herb was intentionally mixed with the Zn 
supplement tablet after refining the tablet.  The Zn supplement is commercially 
available in local markets in Japan. For instance, in order to make a herb 
containing 367 mg/kg of Zn, 0.05 g Zn supplement was mixed with 1.95 g herb 
sample. In order to make a homogeneous mixture, 0.2 ml of water was then added 
to the mixed herbal medicine. It should be noted that careful attention had to be 
paid to ensure that the Zn supplement was homogeneously mixed into the herb 
medicine. The mixture sample was then put into the black acrylic hole using the 
same procedure as described above.  
The laser plasma radiation was detected using an optical multi channel 
analyzer (OMA) system (ATAGO Macs-320) consisting of a 0.32 m focal-length 
spectrograph with a grating of 1200 groves/mm, a 1024-channel photodiode 
detector array, and a micro-channel plate image intensifier. The spectral resolution 
of the OMA system is 0.2 nm. The light emission from the laser plasma was 
collected using an optical fiber (27
0
 solid angle), which fed into the OMA system. 
One end of the fiber was placed at 1 cm from the focusing point of the laser light 
and set perpendicularly to the path of the laser beam. For highly sensitive analyses 
of poisonous hazard elements, the analysis was made using a high resolution 
monochromator (Jobin-Ybon HRS-2, f= 640 mm, 2400/mm, spectral resolution of 
0.02 nm) attached with an OMA system (Lambda vision LVICCD 1012). The 
plasma radiation at 5 mm from the sample surface was imaged in a ratio of 1:1 
onto the entrance slit of the monochromator with the use of a quartz lens (f= 70 
mm). The slit width and the slit height of the monochromator were set at 20 µm 
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and 1 mm, respectively. In all experiments using the TEA CO2 laser the gate delay 
and gate width of OMA system were set at 10 µs and 100µs, respectively, while in 
the case of Nd:YAG laser, they were set at 1 µs and 10µs, consecutively. 
 
7.3.3 Results and Discussion 
A comparative study of organic powder samples using a conventional LIBS 
technique and a new technique described here, namely TEA CO2 laser-induced 
gas breakdown plasma, was conducted. As mentioned in the introduction, in 
conventional LIBS using an Nd:YAG laser, the shock wave plays an important 
role in producing a strong plasma. Thus, it is important that the sample is hard. If 
the sample is not very hard, a strong shock wave cannot effectively be produced, 
resulting in a weak intensity of plasma emission.  
Figure 7.3.2(a) shows the emission spectrum taken from the commercial 
mineral supplement tablet using the conventional LIBS. The tablet is rather hard 
because some binders were employed during the production process in the factory. 
In this study, the Nd:YAG laser (110 mJ, 8 ns) was directly focused on the sample 
surface. It is seen in the figure that the emission intensities of Mg I 285.2 nm 
together with ionic lines of Mg II 279.5 nm and Mg II 280.2 nm appear with low 
background. Magnesium (Mg) is one of the host elements contained in the 
supplement. Some other lines, including broadband, are unidentified. However, 
when the supplement tablet was prepared in the form of a softer sample compared 
to the initial tablet, the emission intensities of Mg I 285.2 nm, Mg II 279.5 nm and 
Mg II 280.2 nm decreased by a factor of around ten relative to the initial tablet, as 
shown in Fig. 7.3.2(b).  
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Fig. 7.3.2 Emission spectra taken from the mineral supplement sample using the conventional 
LIBS technique, in which the sample was prepared in the form of a (a) hard pellet and (b) soft 
pellet 
 
In order to make this soft sample, the initial tablet was crushed into fine 
powdered particles and homogeneously mixed with a small amount of water, as 
mentioned in the experimental procedure. The mixed powder was then placed into 
the container, as shown in the insert of Fig. 7.3.2(b). The mixed powder was kept 
for 2 hours to make it rather hard prior to the analysis. The data shown in Figs. 
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7.3.2(a) and 2(b) indicate that the Nd:YAG laser is not effective for the analysis of 
powder samples unless the sample is very hard. However, it is difficult to make 
samples in the laboratory as hard as tablets produced in a factory. Thus, the 
conventional LIBS using the Nd:YAG laser is not commonly used for direct 
practical applications of powder samples. 
 
 
 
 
 
 
 
 
Fig. 7.3.3 Emission spectrum taken from the mineral supplement by using the TEA CO2 
laser-induced gas breakdown plasma technique at 1 atmospheric pressure of air 
 
Figure 7.3.3 shows an emission spectrum taken from the mineral supplement 
(same sample as used in Fig. 7.3.2) using our present technique, namely TEA CO2 
laser-induced gas breakdown plasma. Prior to the analysis, the sample was 
prepared in the form of a soft sample, as described in the experimental procedure. 
It is shown in Fig. 7.3.3 that the total emission intensity of atomic lines increases 
by roughly 10 times relative to ordinary LIBS using a Nd:YAG laser (Fig. 7.3.2a). 
It should also be noted that the ionic line intensities of Mg II 279.5 nm and Mg II 
280.2 nm were very strong. This is because the temperature of the plasma was 
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very high, with a high heat capacity. The excitation mechanism of our present 
technique is completely different from that of conventional LIBS. In conventional 
LIBS, the plasma is induced by a shock wave and the atoms ablated from the 
sample are excited behind the shock wave region, as reported in our previous 
study [51]. This plasma is referred to as “target plasma”. Meanwhile, in the case 
of our present technique, the atoms are excited in the “gas breakdown plasma” 
induced by the metal mesh and enhanced by the metal subtarget. 
Considering the metal mesh-induced gas plasma method and metal 
subtarget-assisted gas plasma method developed previously [164-165], we noticed 
that a very strong gas breakdown plasma with a high temperature and heat 
capacity is induced when both a metal mesh and a metal subtarget are employed. 
The metal mesh placed in tight contact with the front side of sample serves to 
suppress the blow-off of the sample and to assist the generation of gas breakdown 
plasma, while the metal subtarget put on the reverse side of the sample is used to 
enhance gas breakdown plasma induced by the metal mesh. It is hypothesized that 
the mechanism of excitation is explained as follows: when a TEA CO2 laser (1.5 J, 
200 ns) is focused on the sample through a metal mesh, a part of the laser energy 
(50 %) helps to initiate a gas breakdown plasma with the aid of the metal mesh, 
while the rest of the energy is used to ablate the sample and creates a hole inside it. 
The ablated sample moves to the strong gas breakdown plasma to be atomized 
and excited. The depth of hole gradually increases with the number of laser shots, 
and the laser beam finally impinges on the metal subtarget placed on the reverse 
side of the sample. Once the laser beam strikes the metal subtarget, a 
metal-assisted gas plasma with a high temperature is produced inside the sample, 
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while the metal mesh and metal subtarget itself are never damaged nor ablated. 
This phenomenon only takes place in the case of the TEA CO2 laser, as reported in 
our previous study [165]. The gas plasma then expands with time to enhance the 
gas breakdown plasma induced by the metal mesh. During the expansion, the fine 
particles of the powder sample are vaporized inside the sample. The vaporized 
particles then move to the strong and high-temperature gas breakdown plasma to 
be atomized and excited. The atomization and excitation of the fine particles 
proceed well because the temperature of the gas breakdown plasma is very high 
with a sufficiently high heat capacity.  
 
Fig. 7.3.4 Emission intensities of Ca and C-H clusters against the number of laser shots taken from 
the mineral supplement sample using the TEA CO2 laser-induced gas breakdown plasma technique 
at 1 atmospheric pressure of air 
 
In order to comprehensively understand the role of metal mesh effect and 
metal subtarget effect in inducing a strong and high-temperature gas breakdown 
plasma, emission spectrum intensities of Ca and C-H cluster corresponding to the 
number of laser shots were examined. It can be observed in Fig. 7.3.4 that at 20 
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shots of laser irradiation, a strong emission intensity of Ca II 393.3 nm clearly 
appeared together with a weak intensity of the C-H cluster. This is evidence that 
the dissociation of fine particles takes place in a high-temperature gas breakdown 
plasma induced by the assistance of a metal mesh. This result is completely 
different from the metal-subtarget gas plasma technique [165], where at the initial 
stage the emission intensities of Ca and the C-H cluster are significantly weak 
because the temperature of the gas plasma is low due to the lack of repulsion force 
on the soft sample surface. After 40 shots of laser irradiation, the Ca emission 
intensity increases and finally becomes almost constant. As described above, it is 
hypothesized that at 40 laser shots, the laser beam starts to directly attack the 
metal subtarget, inducing a metal subtarget-assisted gas plasma. The gas plasma is 
confined inside the sample and expands with time to enhance the 
high-temperature gas breakdown plasma induced by the metal mesh. During the 
expansion, fine particles of sample are vaporized inside the sample and 
completely atomized and excited in the strong and high-temperature gas 
breakdown plasma.         
Figure 7.3.5(a) shows an emission spectrum taken from the mineral 
supplement using the present technique after 20 shots of laser irradiation. Sharp 
doublet emission lines of Ca II 393.3 nm and Ca II 396.8 nm are clearly observed 
with low background; Ca is the host element contained in the mineral supplement 
and is essential in strengthening bones in the body. However, the C-H molecular 
band is still clearly detected. This means that the dissociation of fine particles is 
not completed even though the gas breakdown plasma is induced by the assistance 
of the metal mesh. After 40 shots of laser irradiation, the emission intensities of 
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Ca II 393.3 nm and Ca II 396.8 nm sharply increase and almost no C-H cluster is 
detected, as shown in Fig. 7.3.5(b), indicating that the fine powder particles are 
completely dissociated. It is assumed that the gas breakdown plasma induced by 
the metal mesh has a very high temperature and a high heat capacity due to its 
enhancement from the metal subtarget-assisted gas plasma. It should be 
emphasized that this present technique is superior to the metal subtarget-induced 
gas plasma technique. 
 
 
Fig. 7.3.5 Emission spectrum taken from the mineral supplement by using the TEA CO2 
laser-induced gas breakdown plasma technique at 1 atmospheric pressure of air gas after (a) 20 
laser shots, (b) 40 laser shots 
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Using the present technique, an analysis could be carried on many different 
positions on the sample surface without adjusting the metal mesh, enabling us to 
conduct a high precision analysis at the same time. However, in the case of our 
metal subtarget-induced gas plasma technique, the analysis can only be performed 
at one position on the sample surface. The other point is that the produced gas 
breakdown plasma is very strong and has a high-temperature and high heat 
capacity because it is induced by the metal mesh and enhanced by the metal 
subtarget. Thus, it is highly likely that this technique can be used to perform 
powder analyses with very high precision and high sensitivity.   
 
 
 
 
 
 
 
 
Fig. 7.3.6 Calibration curve of Zn taken from the herb medicine powder sample by using the TEA 
CO2 laser-induced gas breakdown plasma technique at 1 atmospheric pressure of air 
 
     In order to examine the ability of our present technique in terms of 
quantitative analyses, a calibration curve was made using herbal medicine 
samples containing different concentrations of Zn, as displayed in Fig. 7.3.6. It 
can be clearly seen that a linear calibration curve with a zero intercept has been 
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successfully constructed. Each point plotted on the calibration curve was an 
average of seven spectra taken from the same position of the sample surface. In 
order to compensate for the uncontrolled fluctuation of the laser plasma intensity 
produced on the sample, internal standardization was carried out using the 
emission line of Mg I 333.6 nm, which dominated in the herb medicine powder 
sample. The standard deviation was found to be approximately 5 %.  
 
 
 
 
 
 
 
Fig. 7.3.7 Emission spectrum of Cr taken from the herb Zn supplement sample containing 50 
mg/kg Cr using the TEA CO2 laser-induced gas breakdown plasma technique at 1 atmospheric 
pressure of air 
 
Finally, the potential of our present technique to be used in highly sensitive 
analyses of poisonous elements in organic powder sample was investigated. For 
this purpose, a commercial supplement, the Cr concentration of which was 
described above, was used as the sample. Figure 7.3.7 shows the emission 
spectrum in the wavelength region of 422 nm to 430 nm. The gate delay time and 
the gate width of the OMA system were set at 10-100 µs. It can be seen that the 
strong emission lines of Cr I 425.4 nm, Cr I 427.4 nm, and Cr I 428.9 nm clearly 
appear with low background intensity. The detection limit of Cr in the commercial 
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supplement sample is estimated to be around 0.6 mg/kg. This result implies that 
our present technique can be applied to the analysis of powder samples with high 
sensitivity.   
 
7.3.4 Conclusions 
It was demonstrated in this study that the analysis of powder samples can be 
successfully carried out using a TEA CO2 laser-induced gas breakdown plasma 
technique. The samples used in this study were placed on a metal surface and 
covered with a metal mesh. The metal mesh served to suppress the blow-off of the 
sample and to assist the generation of gas breakdown plasma, while the metal 
subtarget put on the reverse side of the sample was used to enhance the gas 
breakdown plasma induced by the metal mesh. When a TEA CO2 laser was 
focused on the sample surface through the metal mesh, a part of laser energy was 
used to induce a strong gas breakdown plasma and the other part was employed to 
ablate part of the sample to be atomized and excited in the gas breakdown plasma; 
the metal itself was never damaged nor ablated. This phenomenon only took place 
in the case of the TEA CO2 laser. After several shots of laser irradiation, a hole 
was created inside the sample and finally the laser beam impinged on the metal 
subtarget placed on the reverse side of the sample. It is hypothesized that once the 
laser impinges on the subtarget, a metal-assisted gas plasma is produced inside the 
sample without leaving metal damage as in the case of the metal mesh. The gas 
plasma then expands to enhance the gas breakdown plasma induced by the metal 
mesh. During the expansion, the plasma vaporizes the fine powder particles and 
then the vaporized particles enter into the strong gas breakdown plasma to be 
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atomized and excited. Using this technique, an excellent linear calibration curve 
with a zero intercept was obtained using herb samples containing different 
concentrations of Zn. The detection limit of Cr, poisonous heavy metal, in 
commercial supplement samples was found to be about 0.6 mg/kg. These results 
imply that the present technique can be used for high precision and highly 
sensitive analysis of trace elements on the powder sample.  
 
7.4 Direct Analysis of Powder Samples by Using Metal-Assisted 
Gas Plasma 
 
7.4.1 Introduction 
The development of new method for rapid qualitative and quantitative analyses of 
elements on powder materials is urgently necessary. For instance, the powder 
samples of food materials such as powdered rice, wheat, starch, and seaweed 
powder contain the important source of nutrition for the development of the body 
of human being. Other powders including pharmaceutical product such as 
powdered health supplement and herb medicine powder contain minerals, which 
are strongly necessary to prevent and treat various ailments in the human body 
[182]. Also, it is strongly needed to ensure that hazard elements are not present in 
high concentration in the food material, health supplement and herb medicine 
powder [183]. Thus, the methods for rapid qualitative and quantitative elemental 
analysis with high precision and high sensitivity should urgently be developed. 
Several studies have been endeavored to investigate the elements present in 
the powder samples. M. Hola et al. [186] applied laser ablation inductively 
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coupled plasma optical emission spectrometry (LA-ICP-OES) to an experiment 
on powdered tungsten sample. S. F. Boulyga and K. G. Heumann performed 
powdered geological and environmental samples using laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) [187]. In both experiments, the 
methods perform high precision and sensitivity in elemental analysis. However, in 
those methods, the powdered samples were prepared into a pellet prior to analysis. 
Thus, the analysis is time consuming and requires additional equipments. Other 
ICP-OES and ICP-MS techniques were also applied by some researchers to 
conducting powder analyses [174-176]. Other techniques used to performing the 
analysis of powder sample are X-ray fluorescence spectrometry (XRF) [188], 
X-ray absorption spectroscopy [189-190], Electrothermal atomic absorption 
spectrometry and direct solid sampling [191]. M. das G. A. Korn and coworkers 
have reviewed that among the most frequently applied sample preparation 
techniques for food powder analysis are dry ashing, usually with the addition of 
an ashing aid, and acid digestion, preferably with the assistance of microwave 
energy [192]. Thus, the analysis requires delicate sample preparation, labor 
intensive and expensive equipments. 
Laser-induced breakdown spectroscopy (LIBS) has recently become an 
increasingly popular technique for rapid and in-situ qualitative and quantitative 
elemental analysis of various samples in different forms such as solids, liquids, 
and gases [135]. In conventional LIBS technique, a Nd:YAG laser is directly 
focused onto a sample surface to induce a strong breakdown plasma, which 
contains neutral atoms, ions, electrons and molecules ablated from the sample. 
However, relatively few results have been reported on its applications to the direct 
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analysis of powder samples. Mukherjee et al. conducted an experiment on 
carbon-containing aerosolized drugs using the Nd:YAG laser [193]. 
Particle-assisted breakdown plasma technique used to perform aerosol analysis is 
very useful. However, it is quite difficult to make aerosol on ordinary food 
powder sample. In order to avoid a serious blowing-off of the powder in ordinary 
LIBS, in which a Nd:YAG laser is used as energy source, the powder is most often 
pressed into a pellet [194]. However, even though the powder samples are pressed 
into pellets, the samples are still not as hard as the other solid samples, such as 
glass or ceramic. Thus, a strong shock wave, which is necessary to induce a 
high-temperature plasma, cannot be produced due to the lack of repulsion forces 
on the sample surface. Furthermore, we noticed that the ablation sometimes 
happens in the form of fine particles, resulting in lack of dissociation. Other 
sampling methods in order to avoid the blow-off of powder are by placing the 
powder onto a sticky tape. The technique might be not reliable way to be applied 
to the production line in the factory. 
On contrary to the conventional LIBS technique above, we found that a 
transversely excited atmospheric (TEA) CO2 laser is suitable to the analysis of 
powder sample [164]. Due to the long wavelength and long pulse duration of the 
TEA CO2 laser (10.64 µm in wavelength, 200 ns in pulse duration), the plasma 
can be initiated more easily and the serious blow-off of the powder can effectively 
be suppressed. Using the irradiation source of the TEA CO2 laser, an analytical 
technique has been developed to the direct analysis of powder sample by assisting 
a metal mesh [164]. In this study, a powder sample was placed into a small hole in 
a metal plate and covered with a metal mesh, which functions to suppress 
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blowing-off of powder and initiates a gas breakdown plasma. The TEA CO2 laser 
was focused on the powder surfaces through the metal mesh. Using this technique, 
the gas breakdown plasma emission could be reproduced and the analysis could 
be performed with high precision. However, we noticed that the sensitivity of the 
elemental result was rather low, namely, the Ca emission line was rather weak; 
nevertheless, the milk sample contained a high concentration of Ca (around 0.5%), 
which means that the dissociation and atomization of the sample still did not 
proceed well. Thus, this technique cannot be employed for a quantitative analysis 
of minerals and hazard materials contained in the organic powder samples with 
low concentration.  
In case of LIBS using the TEA CO2 laser, a large “gas plasma” was produced 
when the laser was focused on a metal surface, while the metal itself was never 
ablated. This phenomenon never occurs in the case of conventional LIBS 
technique, in which a Nd:YAG laser is most often employed to induce a “target 
plasma”. By utilizing this phenomenon, we have developed several unique 
techniques for powder analyses [165,171]. However, in those techniques, a sample 
pretreatment was required. Therefore, they cannot be employed to perform on-line 
elemental analysis in production factories. Extending the application of the TEA 
CO2 laser to the powder analysis, in this study, we developed a novel technique 
for the direct analysis of powder sample by utilizing the specific characteristics of 
a TEA CO2 laser.  
 
7.4.2 Experimental Procedure 
Experimental setup used in this research is shown in Fig.7.4.1. A TEA CO2 laser 
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(Shibuya SQ 2000 laser, pulse energy of 3 J, wavelength of 10.64 µm, pulse 
duration of 200 ns in full width at half-maximum, beam cross section of 30 mm x 
30 mm) was employed in this study. This laser was constructed and commercially 
developed by Shibuya Company Japan for laser marking. The laser was directly 
focused on a metal surface through a ZnSe window using ZnSe lens with a focal 
length of 200 mm. During the experiment, the laser energy was fixed at 1500 mJ 
by inserting an aperture in the path of laser beam.  
 
 
 
 
 
 
 
 
 
Fig. 7.4.1 Experimental setup for detection of total plasma emission 
 
The sample used in this experiment consists of several kinds of food powder 
samples such as rice flour-unpolished powder (NIES certified reference material, 
produced by Environment Agency National Institute for Environmental Studies, 
Ibaraki Japan), starch, powdered rice, and pharmaceutical products such as 
powdered zinc, powdered calcium and mineral health supplements (FANCL 
company) and herb medicine (Tsumura kackontou), which are commercially 
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available in market in Japan. The other food powder samples employed in this 
study were powdered agar Bludru Ungu and powdered agar Gracilaria Karawang, 
which are served from a food company of PT Agarindo Bogatama Indonesia. The 
sizes of powder particles are ranging from around few microns to 100 µm. The 
particle size was measured using a digital microscope (Keyence, VHX-500F) with 
the magnification of 50000 times. Prior to the analysis, 0.5 g powder sample was 
placed into a container made of copper plate with a dimension of 15 x 22 x 6 mm
3
 
and covered by a metal mesh made of stainless steel wires (lattice constant of 0.2 
mm and wire diameter of 0.1 mm). The mesh functions to control the blowing-off 
of the powder particles. The container was then perpendicularly attached on an 
iron metal surface as shown in Fig. 7.4.2(b). The distance (D) between the 
focusing point of laser beam on a metal surface and the metal mesh used to cover 
the powder in the container was around 5 mm. During the experiment, the 
samples were placed in a metal chamber with dimensions of 12 x 12 x 12 cm
3
, 
which was filled with a nitrogen or helium gases. The inlet gas was vertically set 
at 55 mm above the powder sample container and the outlet gas was horizontally 
set at 35 mm on the side of the powder sample container. It should be mentioned 
that when the position of the inlet gas was shifted relatively far from the sample, 
the breakdown due to the interaction between TEA CO2 laser beam and powder 
particles happened in front of the iron metal. The pressure of the surrounding gas 
in the chamber was set at 1 atmosphere. The flow rate of the gas was 4 liters per 
minute (Lpm).  
For a calibration curve, the powdered zinc supplement containing various 
concentrations of Cr was prepared. The powdered zinc supplement, which 
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contains 40 mg/kg of Cr, is commercially available in local market in Japan. In 
order to make the zinc powder supplement sample containing various 
concentrations of Cr, the powdered zinc supplement was homogeneously mixed 
with the powdered calcium supplement. It should be mentioned that the powdered 
calcium supplement does not contain the Cr. Both powdered supplements, zinc 
and calcium supplements, contain the same concentration of Fe of around 400 
mg/kg. The Fe emission line at 428.8 nm was employed to make standardization. 
For instance, in order to make the powdered zinc supplement sample containing 
20 mg/kg, the zinc supplement sample was homogeneously mixed with the 
powdered calcium supplement with the weight ratio between the powdered zinc 
and calcium supplements of 1:1, respectively. It should be noted that a careful 
attention had to be paid to assure that the powdered calcium supplement was 
homogeneously mixed into the powdered zinc supplement. The mixture sample 
was then put into a container by using the same procedure as described above. 
In order to examine how the gas plasma front moves with time t after TEA 
CO2 laser irradiation, the rising time of the emission line was measured by 
changing the gate delay time in optical multichannel analyzer (OMA) system. The 
measurement was made by varying the position of the fiber on the image line as 
shown in Fig.7.4.2(a). 
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Fig. 7.4.2 (a) Basic experimental setup for detection of plasma emission using imaging technique, 
and (b) Illustration of the sample holder in metal-induced gas plasma technique 
 
      The emission spectrum was obtained by using an optical multi channel 
analyzer (OMA) system (ATAGO Macs-320) consisting of a 0.32 m focal-length 
spectrograph with a grating of 1200 groves/mm, a 1024-channel photodiode 
detector array, and a micro-channel plate image intensifier to detect the laser 
(a) 
(b) 
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plasma radiation. The spectral resolution of the OMA system is 0.2 nm. The light 
emission of the laser plasma was collected by using an optical fiber (27
0
 in solid 
angle), which fed into the OMA system. One end of the fiber was placed at a 
distance of 4 cm from the focusing point of the laser light and set perpendicularly 
to the path of the laser beam. For a highly-sensitive analysis, the analysis was 
made using a high-resolution monochromator (Jobin-Ybon HRS-2, f= 640 mm, 
2400/mm, spectral resolution of 0.02 nm) attached to an OMA system (Lambda 
vision LVICCD 1012). The plasma radiation at 5 mm from the sample surface was 
imaged in a ratio of 1:1 onto the entrance slit of the monochromator by using a 
quartz lens (f= 70 mm). The slit width and the slit height of the monochromator 
were set at 40 µm and 1 mm, respectively. The gate delay time and gate width of 
both OMA systems were set at 10 and 100 µs, respectively for exposure time of 1 
s under the laser operation of 10 Hz.  
 
7.4.3 Results and Discussion 
As described above, a direct analysis of powder sample is most difficult point for 
conventional LIBS technique. This is because the serious blowing-off of the 
powder happens when the laser was directly irradiated on the powder surface. In 
this study, we developed a novel and sophisticated technique of LIBS utilizing the 
characteristics of a TEA CO2 laser for the direct analysis of powder sample by 
assist of a metal to induce a large gas plasma. It is assumed that due to the gas 
plasma expansion force, fine powder particles are sampled and move to the gas 
plasma region to be dissociated and excited.  
First, we review the plasma generation induced by the bombardment of a 
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TEA CO2 laser on a metal surface, which is quite different with the plasma 
induced by a Nd:YAG laser. The plasma induced by the TEA CO2 laser has unique 
characteristics, due to its low frequency (long wavelength of 10.64 µm) and long 
pulse duration (200 ns). When a TEA CO2 laser is focused onto a metal surface, 
electrons are released from the surface due to a multiphoton absorption process 
that occurs at the focusing point of the laser light. These electrons are then 
accelerated to high energy in the low-frequency electric field of the laser light, 
which induces the cascade ionization of the atoms in the gas and generates an 
initial gas plasma. Once this initial plasma has been produced, the laser light is 
completely absorbed in the gas plasma by inverse bremsstrahlung via free-free 
transitions. This absorption is much stronger for the TEA CO2 laser than for the 
Nd:YAG laser as the plasma absorption coefficient is proportional to the inverse 
square of the frequency of the laser light. Furthermore, the pulse duration of the 
TEA CO2 laser is relatively long (200 ns), about 20 times longer than that of the 
Nd:YAG laser, which means that almost all the energy from the TEA CO2 laser is 
absorbed by the gas plasma. It should be emphasized that no ablation on the metal 
surface happened by the laser bombardment at 1.5 J of energy laser and focusing 
point of lens of 200 mm. The gas plasma then expands with time with very high 
speed. By detecting the rising emission intensity of nitrogen line in nitrogen 
surrounding gas at 1 atmospheric pressure, we confirmed that the front of the gas 
plasma moves with time. The velocity of the front movement of the gas plasma 
was determined at 1, 3, and 5 mm from the target, to be about 12, 10, and 7 km/s, 
respectively. In this study, we assumed that the high-speed gas plasma expansion 
force samples the fine powder particles and brings them into the gas plasma 
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region to be dissociated and excited. 
One might think that particle-assisted breakdown plasma takes place in our 
experimental configuration because the laser bombardment was made by repeated 
laser irradiation of 10 Hz, or that the atoms to be excited in the gas plasma is due 
to the remaining particles produced by the previous laser pulse. However, based 
on our experimental results described below, we conclude that no particle-assisted 
breakdown plasma happened. Also, the atoms to be excited are due to the particles, 
which are sent by the gas plasma induced by the laser pulse, but not due to the 
previous laser pulse. We offer several evidences to support our conclusion.  
First evidence is the plasma feature observed in this study. A hemispherical 
plasma was induced when the TEA CO2 laser was focused on a metal surface; In 
the previous work, no powder sample was placed in the chamber. In this present 
study, the powder sample was placed just near the metal surface. However, the 
plasma feature is quiet the same. Namely, the plasma was produced just on the 
metal surface and the shape of the plasma is hemispherical when the nitrogen gas 
was flowed above the powder container with rather high current of around 4 Lpm. 
While when the flowing rate of the nitrogen gas was reduced up to 1 Lpm, several 
small-bead-like breakdown plasmas were produced in front of the metal surface. 
Those plasmas fluctuate so much and become irregular. Those plasmas are really 
particle-assisted breakdown plasmas. 
Second evidence is the emission spectra as shown in Figure 7.4.3. The 
emission spectra in Fig. 7.4.3 were taken from the mixed powder containing 
fluorine (F) of 2.5% with the different numbers of laser shots. Figure 7.4.3 (a) is 
for single shot, (b) is for 2 shots, and (c) is for 10 shots with repeated laser 
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irradiation of 10 Hz. In this experiment, the helium gas was used as a surrounding 
gas. It is seen that the feature of the spectra is almost the same and the difference 
is only the noise of the spectrum. If this plasma emission were due to the 
particle-assisted gas breakdown plasma, no emission lines of F would appear for 
the case of single laser shot [Fig. (7.4.3a)]. It should be mentioned that a careful 
treatment was conducted in order to ensure that the metal surface and inside of the 
chamber are really clean. 
Third evidence is time profile of calcium emission intensity as displayed in 
Fig. 7.4.4. The emission intensity of Ca was taken at 4 mm from the metal surface 
as shown in the insert of Fig. 7.4.4 using an imaging technique [Fig. (7.4.2a)]. The 
data were taken using the OMA system, in which the gate delay time was varied 
from 0 to 8 µs and the gate width was fixed at 200 ns. It is seen that at initial, the 
emission intensity of Ca is negligibly low. The intensity increases with time and 
achieves the maximum at 3 µs. The Ca intensity then slowly decreases up to 6 µs. 
If the plasma emission were induced by the assist of the particles present above 
the powder container, no time delay would be observed. This experimental result 
endorses our assumption that the fine powder particles are sampled by the gas 
plasma expansion force and move to the gas plasma region to be dissociated and 
excited. 
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Fig. 7.4.3 Emission spectra taken from the mixed powder containing 2.5% of F using the 
metal-induced gas plasma technique with (a) single laser shot, (b) 2 laser shots, and (c) 10 laser 
shots. 
 
1 shot 
2 shots 
10 shots 
F I 683.4 nm 
F I 687.0 nm 
F I 690.2 nm 
F I 690.9 nm 
He I 706.5 nm 
F I 685.6 nm 
F I 685.6 nm 
F I 690.2 nm 
He I 706.5 nm 
F I 683.4 nm 
F I 687.0 nm 
F I 690.2 nm 
F I 690.9 nm 
F I 685.6 nm He I 706.5 nm 
(a) 
(b) 
0
1000
2000
3000
4000
5000
6000
670 680 690 700 710 720
Wavelength (nm)
In
te
n
s
it
y
 (
a
rb
.u
n
it
s
)
0
2000
4000
6000
8000
10000
670 680 690 700 710 720
Wavelength (nm)
In
te
n
s
it
y
 (
a
rb
.u
n
it
s
)
0
1000
2000
3000
670 680 690 700 710 720
Wavelength (nm)
In
te
n
s
it
y
 (
a
rb
.u
n
it
s
)
1 shot He I 706.5 nm 
F I 685.6 nm 
F I 690.2 nm 
2 shots 
F I 683.4 nm 
F I 687.0 nm 
F I 690.2 nm 
F I 690.9 nm 
F I 685.6 nm 
He I 706.5 nm 
F I 683.4 nm 
10 shots 
F I 683.4 nm 
F I 687.0 nm 
F I 690.2 nm 
F I 690.9 nm 
F I 685.6 nm He I 706.5 nm 
(b) 
(a) 
(c) 
 176 
 
 
 
 
 
 
 
 
 
Fig. 7.4.4.Time profiles of emission intensity of Ca II 393.3 nm lines at 4 mm in front of the metal 
surface using imaging technique. 
 
In order to confirm our assumption, we offer the other evidence. To this end, 
the emission intensity of ionic line of N at 399.5 nm was taken at a position as 
shown in the insert of Fig. 7.4.5 (1 and 5 mm at horizontal and vertical directions 
from the focusing point, respectively). The powder container was taken out from 
the metal surface in order to measure at the position as in the insert of Fig. 7.4.5. 
Figure 7.4.5 shows how the emission intensity of N II 399.5 nm changes with 
time. The data were taken using the OMA system, in which the gate delay time 
was varied from 0 to 8 µs and the gate width was fixed at 200 ns. It should be 
noticed that the rising point of N emission line has started at around 0.7 µs. The 
ionic N line intensity then steeply increases with time and achieve the maximum 
at 1.7 µs. The intensity slowly decreases and lasts up to 6 µs. By using this result, 
we can conclude that the front of plasma moves with very high speed (around 7 
km/s at 5 mm). This fast plasma movement can explain our assumption that the 
 
4 mm 
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plasma expansion force samples the powder particles and brings them into the gas 
plasma region to be dissociated and excited. 
 
 
 
 
 
 
 
 
Fig. 7.4.5 Time profiles of emission intensity of N II 399.5 nm lines at 1 and 5 mm at horizontal 
and vertical directions from the focusing point using imaging technique. 
 
In order to derive the temperature, we measure the ratio of the emission 
intensity of Cu I 521.8 nm (excitation energy of 6.2 eV) to that of Cu I 510.5 nm 
(excitation energy of 3.8 eV). The sample used in this experiment was 
CuSO4.5H2O powder. Figure 7.4.6 shows how the emission intensities of Cu I 
510.5 nm and Cu I 521.8 nm change with time and also presents how the plasma 
temperature changes with time (green curve). It is seen that at the initial stage, the 
plasma temperature is about 5700 K and lasts about 20 µs. The plasma 
temperature itself is not so high, but it is high enough to dissociate and excite the 
atoms in organic powder sample. The plasma temperature then slowly decreases 
up to 60 µs. The reason why the Cu emission intensities steeply decrease is 
probably that the direction of the movement of powder particles and that of the 
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gas plasma expansion are different and the particles move out from the hot gas 
plasma region at later stage.  
 
Fig. 7.4.6 Time profiles of emission intensities of Cu lines and plasma temperature taken from the 
CuSO4.5H2O powder sample using the metal-induced gas plasma technique. 
 
The present technique was employed to perform the direct analyses of food 
powder samples. It is well known that food powders contain the primary source of 
nutrition for human being such as calcium (Ca). For this purpose, the analysis of 
commercial powdered rice, starch powder, and powdered seaweed samples were 
conducted. During analysis, the nitrogen gas was flowed in the chamber.  
Figure 7.4.7(a) displays the emission spectrum taken from the powdered rice. 
Two emission lines of Ca (II) 393.3 nm and Ca (II) 396.8 nm were strongly 
detected. Also, very weak emission lines of Al (I) 394.4 nm and Al (I) 396.1 nm 
were obtained. The ordinary powdered rice sample contains calcium of around 
400 mg/kg and aluminum of around 1 mg/kg.  
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Fig. 7.4.7 Emission spectra taken from (a) the powdered rice, (b) the starch powder, and (c) the 
powdered seaweed Agar Bludru samples using the metal-induced gas plasma technique. 
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For the case of starch powder, high emission lines of aluminum strongly appear 
with very low background as shown in Fig. 7.4.7(b). The starch powder contains 
rather high concentration of aluminum of around 150 mg/kg. While in case of 
seaweed sample (agar Bludru Ungu), emission lines of Ca and Al occur very 
strong as displayed in Fig. 7.4.7(c). The seaweed agar contains Ca with high 
concentration of around 38%. The deformed ionic lines of Ca at 393.3 nm and 
396.8 nm are might be due to the interaction among the Ca atoms supplied from 
the seaweed agar, which contains extremely high concentration of Ca. 
As is known, the direct analysis of light element in powder samples is rather 
difficult when we used X-ray diffraction spectroscopy (XRD). In this study, we 
applied our present technique for the direct analysis of boron (B). The nitrogen 
gas was flowed in the chamber during the experiment. It is shown in Fig. 7.4.8(a) 
that the neutral emission lines of B at 249.6 nm and 249.7 nm taken from the 
powdered seaweed can clearly be detected with high emission intensity and very 
low background. It should be known that the powdered seaweed is not good for 
human health when it contains high concentration of B. A study was also made for 
detection of Cu in seaweed sample using our present technique. Figure 7.4.8(b) 
shows an emission spectrum of Cu taken using our present technique. The 
seaweed contains copper (Cu) of around 160 mg/kg. The detection limit was 
estimated to be around 10 mg/kg. This detection limit is lower than the case of 
XRD of approximately 70 mg/kg. 
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Fig. 7.4.8 Emission spectra taken from the powdered seaweed Agar Bludru Unggu at the 
wavelength of (a) 244-256 nm, and (b) 318-332 nm using the metal-induced gas plasma technique. 
 
For further exploration of the capability of this technique, an analysis of 
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Fig. 7.4.9 Emission spectrum taken from the powdered mineral supplement tablet containing 7 
mg/kg of Cr using the metal-induced gas plasma technique. 
 
Figure 7.4.9 shows the emission spectrum in the wavelength region of 424 nm to 
431 nm. The gate delay time and the gate width of the OMA system were set at 10 
and 100 µs, respectively. It can be seen that the strong emission lines of Cr I 425.4 
nm and Cr I 427.4 nm clearly appear. It should be mentioned that Cr I 428.9 nm 
cannot clearly be seen in this spectrum because it overlaps with Fe I 428.8 nm. 
Other emission lines of Fe also strongly occur. The detection limit of Cr in 
powdered mineral supplement was approximately 0.55 mg/kg; the detection limit 
was derived by calculating what concentration of the signal yielded 3 times of the 
noise level is.  
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a linear calibration curve with a zero intercept using the powdered zinc 
supplement. 
 
 
 
 
 
 
 
 
 
Fig. 7.4.10 Calibration curve of Cr contained in the powdered zinc supplement sample using the 
metal-induced gas plasma technique. 
 
Extending the successful technique to the analysis of element at low 
concentration, we carried out an analysis of Rice flour-unpolished powder 
containing Cu of 4 mg/kg. Figure 7.4.11 displays the spectral emission in the 
wavelength region from 320 nm to 330 nm taken from the standard polished rice 
sample. The emission line of Cu I 324.7 nm and Cu I 327.4 nm can clearly be 
seen together with unidentified lines. The detection limit of Cu in polished rice 
powder was around 0.22 mg/kg. Therefore, this technique has high possibility to 
be applied to the practical quantitative analysis of powders in the production 
factory.  
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Fig. 11 Emission spectrum taken from the standard polished rice containing 4 mg/kg of Cu by 
using the metal-induced gas plasma technique. 
 
7.4.4 Conclusions 
We have demonstrated that the direct analysis of powder sample can successfully 
be carried out by using the specific characteristics of a TEA CO2 laser. In this 
study, a powder was placed in a container and covered by a metal mesh. The 
container was then perpendicularly attached on a metal surface. When a TEA CO2 
laser was focused on the metal surface, a strong initial gas plasma was produced 
without ablating the metal surface; this phenomenon never happens for the case of 
Nd:YAG laser. The gas plasma then expands with time with very high speed. 
Based on our experimental results, we assumed that the high-speed expansion 
force of the gas plasma plays important role to sample the fine powder particles 
and bring them into the gas plasma region to be dissociated and excited. Detail 
study on the dynamics of gas plasma including gas plasma generation and 
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dissociation and excitation processes of atoms will be published in the other 
physics journal in the near future.  
The technique developed in this study offers several strong points. First, 
direct analysis of powder can be made without pressing the sample into a pellet, 
which is commonly prepared in conventional LIBS technique. Second, the use of 
a TEA CO2 laser as an irradiation source can effectively induce a gas plasma with 
high heat capacity, which enable lot of powder particles to be dissociated and 
excited. Thus, the emission intensity becomes high with low background. This 
phenomenon never happens for the case of Nd:YAG laser due to short wavelength 
and short pulse duration.  
By using this present technique, a semi-quantitative analysis of 
pharmaceutical powder can successfully be conducted. Linear calibration curve of 
supplement was made using powdered zinc supplement. The detection limit of Cr 
in the powdered supplement was approximately 0.55 mg/kg. This technique can 
potentially be used to be applied to checking the powder containing low 
concentration elements in production factories because the analysis can be 
conducted automatically using the machine in the production line.       
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Chapter Eight 
Analysis of Sodium Aerosol Using Laser- 
Induced Gas Plasma Spectroscopy 
 
8.1 Introduction 
Aerosol analysis is required in many important applications. For instance, in 
sodium-cooled fast reactors, radioactive sodium was found to contaminate the 
atmosphere around the reactors. The sodium leak is produced by vaporization or 
combustion of sodium, which could be released into the atmosphere from the 
cooling system piping or components. Because sodium aerosol is chemically very 
reactive, it rapidly reacts with oxygen, water, and CO2 in the atmosphere [195]. 
Therefore, highly sensitive technology is really necessary to detect sodium leak in 
the atmosphere. 
Various kinds of sodium leak detector have been developed including sodium 
ionization detector and the ionization chamber, differential pressure detector, and 
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contact leak detector [196]. However, in those techniques, a sample preparation is 
necessary and they are labor intensive.  
Laser-induced plasma has become a very popular technique for qualitative 
and quantitative elemental analysis in aerosol samples [135]. In this method, a 
Q-switched neodymium-doped yttrium aluminum garnet (Nd:YAG) laser with a 
pulsed energy of approximately several tens of millijoules is focused in aerosol 
under atmospheric pressure of the surrounding gas. However, limit of detection 
(LoD) of sodium still remains high enough of around 55 ppm [197].  
On the other hand, we found that a transversely-excited atmospheric pressure 
(TEA) CO2 laser is suitable for spectrochemical analysis. This is because the laser 
has long wavelength of 10.64 μm and long pulse duration of 200 ns. Based on our 
previous experiment, a high-temperature and large-volume gas plasma was 
induced when a TEA CO2 laser was focused on a metal surface under atmospheric 
pressure of the surrounding gas, while the metal itself was never ablated, this 
phenomenon never occurs in the case of conventional LIBS technique, in which a 
Nd:YAG laser is most often employed as an energy source. This plasma is very 
favorable for spectrochemical analysis because its plasma temperature is rather 
high and it has a high heat capacity.  
In this study, we applied the TEA CO2 laser-induced gas plasma spectroscopy 
for analysis of sodium aerosol.  
 
8.2 Experimental Procedure 
Figure 8.1 shows the experimental setup used in this study. The TEA CO2 laser 
employed in this work is a Shibuya SQ-2000 laser, which was commercially 
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developed and constructed by Shibuya Company for laser marking. The TEA CO2 
laser (3 joule, 10.64 μm, 200 ns) was operated at a repetition rate of 10 Hz. The 
laser energy was varied from 350 mJ to 1500 mJ by setting the respective 
apertures in the laser beam path. After passing through the aperture, the laser 
beam was focused by a ZnSe lens (f = 20 mm) through a ZnSe window onto the 
target sample. the laser bean spot was 2 x 2 mm
2
 for the tight focusing condition.  
The samples were placed in a metal chamber with dimensions of 12 x 12 x 12 
cm
3
. The experiment was conducted under 1 atmospheric pressure. During 
experiment, a nitrogen gas was flowed into the chamber, with the flow rate of 4 
liters per minute (Lpm).  
 
 
 
 
 
 
 
 
 
Fig. 8.1 Experimental setup used in this research 
 
The samples used in this works are two kinds of sodium aerosol. One was 
sodium aerosol sample taken from atmosphere in the seashore (Echizen, Fukui, 
Japan), and the other was sodium aerosol taken from room atmosphere in 
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University of Fukui, Japan. All sodium aerosols were deposited on a nickel metal 
plate (30 x 20 x 0.15 mm
3
), which functions as a subtarget.   
The emission spectrum was obtained using an optical multichannel analyzer 
(OMA) system (ATAGO Macs-320) consisting of a 0.32-m-focal-length 
spectrograph with a grating of 1,200 groves/mm, a 1,024-channel photodiode 
detector array, and a microchannel plate image intensifier to detect laser plasma 
radiation. The spectral resolution of the OMA system is 0.2 nm. The light 
emission of the laser plasma was collected using an optical fiber (0.3π sr), which 
was fed into the OMA system. One end of the fiber was placed at a distance of 4 
cm from the focusing point of the laser light and set perpendicularly to the path of 
the laser beam. The gate delay time and gate width of the OMA system were set at 
20 and 100 µs, respectively. Each spectrum was obtained using 10 shots of laser 
irradiation.  
 
8.3 Results and Discussion 
Initially, we reviewed the plasma generation induced by the bombardment of a 
TEA CO2 laser on a metal surface, which is quite different from the plasma 
generation induced by a Nd:YAG laser.
 
The plasma induced by a TEA CO2 laser 
has unique characteristics, owing to its low frequency (long wavelength of 10.64 
µm) and long pulse duration (200 ns). When a TEA CO2 laser is focused onto a 
metal surface, electrons are released from the surface owing to a multiphoton 
absorption, which occurs at the focusing point of the laser light. These electrons 
are then accelerated to a high energy in a low-frequency electric field of laser light, 
which induces the cascade ionization of atoms in the gas, generating an initial gas 
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plasma. Once this initial plasma has been produced, laser light is completely 
absorbed in gas plasma by inverse bremsstrahlung via free-free transitions. This 
absorption is much stronger for the TEA CO2 laser than for the Nd:YAG laser 
because the plasma absorption coefficient is proportional to the inverse square of 
the frequency of laser light. Furthermore, the pulse duration of the TEA CO2 laser 
is relatively long (200 ns), about 20 times longer than that of the Nd:YAG laser, 
which means that almost all the energy from the TEA CO2 laser is absorbed by 
gas plasma. The gas plasma produced is therefore very strong and has a high 
temperature and a high heat capacity. It should be emphasized that no ablation on 
the metal surface occurred with the laser bombardment using a 750 mJ energy 
laser and a lens with a focusing point of 100 mm.  
 
 
 
 
 
 
 
Fig. 8.2 Emission spectrum of sodium (Na I 588.9 nm and 589.1 nm) taken from atmosphere. 
 
As is well known, atmosphere naturally contains sodium at high 
concentration. Therefore, we can easily detect the sodium emission lines from 
atmosphere. In this study, at initial, we examined that sodium aerosol is really 
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atmosphere for around 1 hour. When the TEA CO2 laser (750 mJ) was focused on 
the metal surface, a strong gas plasma was induced and the sodium aerosol was 
dissociated and excited in the gas plasma region. Figure 8.2 (red curve) shows the 
emission spectrum of sodium taken from the atmosphere. It can clearly be seen 
that strong emission line of Na I 588.9 nm and Na I 589.1 nm occurs with low 
background emission. In this experiment, 10 shots of laser irradiation was made 
on the metal surface. The gate delay time and gate width of OMA system were 10 
μs and 100 μs, respectively. By cleaning technique using defocusing the laser 
beam onto the metal surface, completely no sodium line was detected as shown in 
Fig. 8.2 (blue curve).  
 
 
 
 
 
 
 
 
Fig. 8.3 Emission spectrum of sodium (Na I 588.9 nm and 589.1 nm) taken from the Echizen 
seashore Fukui Japan for 20 minutes. 
 
In order to make a semi-quantitative analysis of sodium, we varied the 
concentration of sodium aerosol deposited on the metal surface. To this study, we 
collected the sodium aerosol from the Echizen seashore, Fukui, Japan with 
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different time of collection (from 10 to 45 minutes). Figure 8.3 shows the 
emission spectrum of sodium (Na I 588.9 nm and 589.1 nm) taken from the 
aerosol sample collected from the Echizen seashore, Fukui, Japan for 20 minutes. 
High emission intensity of sodium can clearly be observed with low background 
emission. During data acquisition, the sample was rotated 1 min/rotation so that 
the position of laser bombardment on the sample is always new. 
 
 
 
 
 
 
 
 
Figure 8.4 Relationship between exposure time and sodium emission intensity (Na I 588.9 nm) 
taken from the Echizen seashore Fukui. 
 
Figure 8.4 shows how the emission intensity of sodium changes with time. It 
can clearly be seen that with increasing time, the emission intensity of sodium (Na 
I 588.9 nm) increases. This result certified that deposition rate of sodium aerosol 
is increased with increasing time. This might be because once the sodium aerosol 
deposits on the plate, the further sodium aerosol can easily deposit. 
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Fig. 8.5 Emission spectra of sodium taken from atmosphere at (a) 1 m, and (b) 50 m from the 
Echizen seawater. 
 
In this study we also collected the sample at different distance from Echizen 
seashore. Figure 8.5 shows the emission spectrum of sodium atom taken from 
atmosphere at (a) 1 m, and (b) 50 m from the Echizen seashore. It is observed that 
the emission spectrum of sodium taken from the short distance (1 m) from the 
seawater is much higher in emission intensity. This result confirmed that the 
concentration of sodium in atmosphere is different with a different distance from 
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the seashore. Generally, we can also conclude that the concentration of sodium in 
atmosphere is different with different places. 
 
8.4 Conclusions 
We have shown in this work that analysis of sodium aerosol can be performed by 
using TEA CO2 laser-induced gas plasma spectroscopy. In this study, sodium 
aerosol was deposited on a nickel metal plate. When a TEA CO2 laser was focused 
on the metal plate, a high-temperature and large-volume gas plasma was induced. 
It is assumed that the sodium aerosol was evaporated and entered into the gas 
plasma region to be effectively dissociated and excited in the gas plasma region. a 
semi quantitative experiment has been successfully demonstrated by using sodium 
aerosol taken from the Echizen seashore with different time, namely, the emission 
intensity of sodium increases with increasing a time, meaning that the amount of 
sodium deposited on the metal surface increases with increasing time. This 
present technique has high possibility to be applied to online analysis of sodium in 
fast reactor such as Monju reactor. 
  
